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Abstract 
This thesis reports the study of the problem of passive safe falling of the humanoid 
robot TORO (TOrque controlled humanoid RObot) developed by DLR (German 
Aerospace Center) in Oberpfafenhoffen, Germany.  

Passive falling refers to all those cases when control of the robot during fall is 
difficult or even not possible. Since the control is not available, this kind of 
phenomenon can be made ‘safe’ only through the implementation of protective 
gear. Analyzing deeply the characteristics of TORO and studying the state of the 
art of the problem, airbags are individuated as the technology that best matches 
the requirements of this kind of application. 

The idea is to develop an experimental campaign to study the phenomenon and 
the effectiveness of airbags. Since it is too dangerous to make the experiments 
directly with TORO, as it was not designed for safe falling, a mockup of the robot 
is designed and built to match both kinematic and inertial characteristics. Then 
different airbag solutions are realized and implemented. The mockup is then 
tested by falling in different poses with and without airbags and accelerations of 
hip and chest are acquired through accelerometers. 

Merging the knowledge acquired from experiments with theoretical relations we 
develop an analytical model to describe the phenomenon. The model is a 3D 
representation of the robot, replicating its volume and mass distribution. This 
information is then used to identify direction of fall, contact points and dynamics 
of the fall and impacts. Using the estimated dynamics, we can estimate the times, 
decelerations and forces involved in the fall.  

The model results are then compared with the experimental ones. This kind of 
model can be used as a framework for improvement of airbag design, 
inflation/deflation control logics and estimation of forces/decelerations for cases 
different than the tested ones. The learnings can potentially be used as a basis to 
design future more robust humanoids. 
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Sommario 
In questa tesi è riportato lo studio del problema della ‘Caduta Passiva Sicura’ del 
robot umanoide TORO (TOrque controlled humanoid RObot) sviluppato al DLR 
(Centro Spaziale Tedesco) di Oberpfafenhoffen, in Germania.  

Il termine ‘Caduta Passiva’ si riferisce a tutti quei casi dove il controllo del robot 
durante una caduta risulta difficile se non addirittura impossibile. Dato che non 
è possibile controllare la caduta, l’unica modalità rimasta per renderla ‘sicura’ 
risulta essere l’implementazione di protezioni. Dopo aver analizzato a fondo le 
caratteristiche di TORO e aver studiato lo stato dell’arte riguardante questo 
problema, risulta che gli airbag siano la tecnologia che meglio sposa i prerequisiti 
di questo tipo di applicazione. 

L’idea è quella di realizzare una campagna sperimentale per studiare sia l’entità 
del fenomeno in sé (massime forze e accelerazioni) sia l’efficacia dell’utilizzo di 
airbag. Poiché risulta essere troppo pericoloso operare i test direttamente su 
TORO, non essendo esso progettato per sostenere cadute, viene progettata e 
costruita una copia cinematica e inerziale del robot in scala 1:1. Successivamente, 
vengono realizzate e implementate diverse soluzioni airbag. L’apparato è poi 
testato facendolo cadere in pose differenti con e senza airbag e le storie temporali 
di accelerazione del bacino e del petto vengono misurate attraverso accelerometri.  

Unendo la conoscenza acquisita attraverso i test con relazioni teoriche, viene 
sviluppato un modello analitico del fenomeno. Il modello crea una 
rappresentazione 3D del robot, che replica la distribuzione del volume e della 
massa. Queste informazioni vengono utilizzate per calcolare la direzione, i possibili 
punti di contatto e la dinamica della caduta. Usando la stima della dinamica, è 
possibile calcolare durata, decelerazioni e forze coinvolte nel fenomeno. 

I risultati del modello vengono poi confrontati con i risultati sperimentali. Questo 
tipo di modello può essere utilizzato come struttura di base sia per il progetto di 
airbag migliori sia per l’implementazione di strategie di controllo di 
gonfiaggio/sgonfiaggio degli airbag sia infine per stimare forze e decelerazioni per 
casi differenti da quelli testati sperimentalmente. Il modello può essere inoltre 
utilizzato come punto di partenza per progettare in futuro robot più resistenti.  
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 Introduction 
A humanoid robot is a very complex and delicate machine. The control of such a 
machine is a complex task due to its large number of degrees of freedom and the 
lack of a stable and fixed base as in the case of robotic arms. All this complexity 
can easily lead to failure of control strategies. When failure involves balancing 
controllers, a fall is likely to happen. For this reason, to prevent severe damages 
on the robot, it is usually connected to a support that could prevent the fall in 
case of failure of controllers (Fig. 1.1). 

 
Figure 1.1 - Safety support of TORO. 

In the last decades, more and more advancements have been made in the field of 
humanoid robotics. Robots are now exiting from laboratories and starting to walk 
in the open world. For this reason, ‘Safe falling’ of humanoid robots is starting to 
become a topic of main importance. 

This study is part of the project COMANOID1 which requires that the robot 
could work without safety support gear. In facts, Airbus has asked to DLR to 

                                       
1 Project COMANOID (http://comanoid.cnrs.fr/) 
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study the feasibility of utilization of humanoid robots in the assembly procedures 
for their airplanes. In particular, their idea is to substitute humans in all those 
repetitive tasks such as the positioning of cables supports all over the airplane. 
This kind of task requires that the robot must be able to work in small spaces 
and therefore the presence of a support is not feasible. Safe falling strategies are 
therefore required as part of the project. 

Many robots on the world stage are affected by the problem of fall. Several papers 
[1], [2] quote the DARPA robotic challenge of 2015 as a point where many robotic 
development teams in the world had to witness the weakness of their robotic 
devices facing falls.  

When a robot falls it can be for different reasons:  

• Error into the detection of the environment (it stomps onto an irregularity 
of the floor) [1]. 

• External disturbances. 
• Saturation of the motors [3]. 
• Controller errors. 
• Other unforeseen situations 

The difference with a ‘Balancing strategy’ is that the latter has the task of 
preventing a fall while a ‘Safe falling strategy’ has the goal to make the fall as 
"safe" as possible. Generally, we can individuate 3 different safety objectives: 

 
Figure 1.2 - Safety hierarchy. 

This has to be intended as a progressive order: first humans, then industrial items 
and last the robot. The order of the last two can be exchanged depending on the 
relative cost of industrial equipment with respect to the robot.  

Strategies to obtain such results are oriented towards two goals:  

• Change direction during the fall. 
• Reduce impact effect.  

SAFETY OF HUMANS

SAFETY OF INDUSTRIAL GEAR

SAFETY OF THE ROBOT
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The first category can be applied to try to avoid people or objects that must not 
be damaged, while the second one can be implemented both to preserve external 
actors (humans, industrial gears) and the robot itself.  

While the first category can only be realized through complex control strategies 
involving inertia shaping [4] or stepping techniques	[4], the reduction of impact 
can be realized both with:  

• Control strategies oriented towards energy shaping for reduction of the 
impact [5].  

• Protective gear like rubber protections or airbags [1] [2]. 

The combination of these two strategies is the direction that has been chosen for 
the realization of our task.  

Independently from the reason of the fall, it is possible to distinguish between two 
situations: 

a. Active falling: situation where the robot is still controllable during the 
fall. The active control strategies like inertia shaping or energy shaping 
can be used.  

b. Passive falling: occurs when the system is too underactuated or even 
frozen due to saturation of the motors. In this class of falls the only 
possibility is to use protective gear.  

For this thesis we will focus on guaranteeing safety of the robot using protective 
gear in case of passive falling.  

When we talk about protective gear, we mean force reducing tools. The problems 
related to fall are both the force transmitted and the deceleration experienced by 
the system. A humanoid robot is built from mechanical, electronic and electric 
parts. With a good mechanical design, it is possible to make the impact force to 
be transmitted only to the structure, but the problem of deceleration affects the 
whole robot and can create damages in particular to the electronic parts.  

 
Figure 1.3 - Atlas MINI falls in a video demo on YouTube [6]. 
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One could observe that the easiest way to guarantee the robot safety in relation 
to fall is a robust design. The problem is related to the complexity of the machine 
and a robust design could be non-cost effective. We consider an excellent example. 
ATLAS Mini of Boston Dynamics (Figure 1.3) shows in a demo [6], capabilities 
of sustaining a fall without using force reducing gear but simply falling onto knees 
and an external protective structure. The problem of absorption of the force is 
solved with a robust design of the legs and the external cage. The deceleration 
can be only solved having really robust electronic systems and this is not the case 
for a large class of robots. Another observation that can be done is that Atlas is 
realized using pneumatic actuation which is much more robust than electrical 
drive units.  

For these reasons, it could be more cost effective to try to reduce the impact 
forces and decelerations instead of designing more robust devices. In particular, 
the reduction of the force represents the only option when the design cannot be 
modified like in our case. Using protective gears like airbags can also help to 
reduce damages to industrial gears and people [7].  

The objective of this thesis is the implementation and validation of airbag 
protections for a humanoid robot. Alongside the experimental study, a 
modelization of the phenomena of fall and impact will be developed. Hints about 
inflation control strategy and optimization of the pneumatic inputs will be given 
in the end. 
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 Analysis of TORO 
The mechatronic institute of the German Aerospace Center (DLR) has worked 
and researched for more than two decades in the field of torque controlled light 
weight robots. The study began with the development of 7 dof lightweight robotic 
arm, nowadays known as the LBR robot, commercialized by KUKA. 

 
Figure 1.4 – LBR joint technology [3]. 

Starting from this technology humanoid robots JUSTIN (wheeled robot) and 
TORO (biped robot) were developed. TORO was the result of a 4 years 
development path. DLR started building the lower part for walking and 
balancing, then they added the upper part and a vision system for manipulation 
tasks. 

 
Figure 1.5 - Evolution of TORO [3] 

TORO is a human-size humanoid robot with a total height of 174 cm and a weight 
of about 76 kg. Excluding the hands, it has 25 torque-controlled and 2 position-
controlled joints: six joints per leg, six joints per arm, one yaw joint in the waist 
and two position-controlled joints in the neck.  

a. Legs: of the initial DLR biped were designed with a kinematically non- 
redundant configuration of 6 DOF (three at the hip, one at the knee and two 
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at the ankle), which provides enough mobility while keeping a low weight of 
the leg. The design of the lower part of the leg contains a parallel bar 
mechanism that allows placing the motor for the ankle pitch just below the 
knee, thus producing a slim ankle with low inertia (Fig. 2.3). 

 
Figure 1.6 - Ankle scheme [3] 

• Feet: of Toro are relatively small, with a length of 19 cm and a width of 
9.5 cm, which was chosen to provide full contact with small support surfaces, 
even though it poses further challenges on the control algorithms. 

b. Arms: were designed to have 6 DOF and a total payload of 5 kg for each. To 
provide Toro with a robust solution for establishing firm contacts with the 
environment and for picking up simple objects, it was equipped with electrical 
hand prostheses. 

• Electronics: the drive units of the LBR have integrated power and control 
electronics (Fig. 1.7). The drive units and the electronic components supplying 
them are mounted as close as possible to each other in order to reduce 
electromagnetic crosstalk and minimize cable routing.  

 
Figure 1.7 – Backpack of TORO [3] 

Two battery packs based on industrial cells provide the power to Toro. They are 
mounted on Toro’s backpack which is designed using an aluminum pipe frame. 
These batteries supply power directly to the joints and to the computers via 
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switching mode power supplies. A compact PCI rack containing two intel i7 
computers is also present along with a power pack.  

• Problem of saturation: for safety reasons, the system is designed to freeze 
every time a saturation in a joint is detected, by exceeding the current, torque or 
velocity limits. Freeze means that all the brakes kick in and block the robot. This 
is the condition that leads to the passive fall phenomenon. Since the system is 
frozen, no control of motion is available and the only opportunity we have is to 
protect the system through hardware.  

1.1.1. Weak points 
Studying the structure of the robot and its characteristics 4 main points are 
individuated as the weakest and most problematic. 

• Hands. 
• Neck. 
• Electronics in the backpack. 
• Gears in the joints. 

Starting from the first one.  

a. Hands: are considered a weak point because they are a device used for 
prosthetics (ilimb Revolution, from Touch Bionics2). They are not meant to 
sustain impacts at all, and they have proved in the past to be really weak during 
manipulation task experiments. This is bad news because most of the active falling 
control strategies use hands as contact point [2] since they are a closest contact 
point with respect to elbows and this reduces the time of fall and the maximum 
speed.  

b. Neck: is another weak point because the motor used for the movement of the 
system is a low power DC motor that is most likely to break because of the 
deceleration of the head. A solution could be the implementation of a sort of a 
support to help the motor to sustain the torque generated by sudden 
decelerations. 

c. Electronics in the backpack: direct contact must be avoided. In active 
falling this can be obtained using the elbows, while in passive falling, we can only 
implement a large protection for the backpack. The problem of deceleration can 
come from every impact in whatever point of the robot. We need therefore to 
maximize the reduction of deceleration for every contact point. 

                                       
2 http://touchbionics.com/products/active-prostheses/i-limb-ultra 
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d. Gears of the joints: for joints assessment LWR Drive Units (ILM85, ILM70 
and ILM50) must be studied. The problem is most severe in passive falling 
because the system is ‘frozen’. In active falling, we can implement compliant 
control that leaves some freedom of movement limiting the maximum torque. The 
best configurations of fall will be those where the joints are less charged. We need 
also to prevent the direct contact of the most exposed motors: knees, elbows, butt. 
For this reason, protections should be implemented also there.  

1.1.2. Requirements 
Summarizing, impact reduction gear system must be able to be applied to all the 
weak points:  

1. Small protection for hands, elbows, knees and butt.  
2. Large protection for backpack. 

A support for neck must be implemented to preserve it from damages related to 
deceleration. Deceleration reduction must be maximized to limit damages to the 
electronic components of the system. In the end, testing strategies must be 
developed to assess the effectiveness of protective gear and to measure what is 
the level of force and deceleration experienced by the robot.  

We add to these requirements taken from the analysis of the weak points, some 
others related to the application of the protection onto the robot. 

a. Lightweight: protection should be lightweight and not limiting the 
movements of the robot. In particular, this latter condition is of main 
importance in order to implement of active fall control techniques oriented to 
the exploitation of the protections. Airbags represent a good trade-off between 
effectiveness and weight.  

b. Reusable: the system must be reusable. Car airbags need to be substituted 
after been used. This can be acceptable for a car, because the accident is an 
event that we expect to be rare. In case of fall of a humanoid robot, the 
phenomenon is most likely to occur more than one time, and substitution of 
airbag is considered as not acceptable.  

c. Practical: in the best-case scenario, our implementation should make the 
robot be able to sustain a fall and then stand up and continue with the task. 
Some airbag systems require manual re-folding of the bag. We will consider 
only self-folding systems. Another problem could be the generation of 
pressurized gas: some systems use one-shot cartridges containing 𝐶𝑂2. These 
cartridges need to be purchased and replaced after every usage of airbag. If 
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we substitute the generation with HPA (High Pressure Air) we can use 
compressed air systems easily available in every shop floor.  

d. Independent: the generation of HPA should be realized by a portable system 
to permit the robot to be independent from external air supply systems.  

In the end we summarize all the requirements: 

• Protection for hands, elbow, knees, butt. 
• Large protection of the backpack.  
• Support for the neck. 
• Optimization of deceleration reduction. 
• Experimental testing for estimation of forces and validation of the work. 

Protections must be  

• Lightweight and effective à Airbags 
• Reusable airbag technology. 
• Self-refolding bags. 
• HPA system for inflation. 
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 State of Art  
Thanks to the observations done in the previous chapter, we can now choose a 
direction for the study of the state of the art of the problem. We will concentrate 
our attention on all those works that could involve the exploitation of airbag 
systems for the protection of robots.  

We will look for technology both for small contact points (knees, elbows, etc.) 
and large areas (backpack). Inflatable solutions for neck support will be also 
investigated. Since optimization of deceleration reduction is defined as a 
requirement, we will also look for studies related to the modelization and control 
of the airbag modules. Last a study of test campaigns for measuring severity of 
fall of human-like cases is investigated. 

Structure of the chapter. 

We start analyzing the work Kajita et al. [1] that realized a test campaign to 
study the effectiveness of an airbag jacket on impact reduction. Since the jacket 
would be able to satisfy only part of our requirements, we looked for more 
customizable and small solutions. These characteristics where found in the work 
of Lee et al. [2]. These researchers designed and tested a small controllable airbag 
module to be implemented in the hands of their humanoid robot. This new 
technology creates the possibility of controlling the airbags but also the necessity 
of a proper portable HPA system. Therefore, the work of Kobayashi [7] is 
considered. In this study the researcher started to study the applicability and 
effectiveness of implementation of self refoldable airbag and a portable pneumatic 
system on a humanoid robot.  

Completed the study on airbag related papers, we will briefly analyze the 
commercial technologies related to safe falling of humans, to understand whether 
these items could be adapted to our test case.  

We conclude with the analysis of a paper published by Tarabini et al. [8], which 
concerns the realization of a measurement campaign whose goal is the estimation 
of decelerations and forces suffered by elderly people when they fall.  
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 Airbag technology for humanoid robots 
2.1.1. Impact Acceleration of Falling Humanoid Robot 

Overview 
The paper uses the maximum absolute acceleration at impact for evaluating the 
of damage for the robot. The study started with an estimation of the impact force 
through numerical simulations. This study was realized to have an idea of the 
order of magnitude of deceleration. The authors estimated the force of impact 
using the total variation of momentum experienced by the center of mass of every 
functional group (legs, arms, etc.) of the robot. 

𝒫%&% = ∑ 𝑚)𝑣),),-./%

0

)=1
          →        𝐹),-./% = 𝑑𝒫%&%

𝑑𝑡 − 𝑀%&%𝑔   (2.1) 

Moving to the experimental part, the researchers built 2 mockups of the robot to 
perform the measurements since testing on robot was dangerous: the first was a 
simple plate while the second was mounted on the robot legs and simulated the 
upper body inertial characteristics.  

 
Figure 2.1 - (a) HRP-2Kai (b) Dummy A (c) Dummy B 

Measurements where performed placing an accelerometer in the chest and the hip. 
The experiments were repeated both with and without a protection. They 
obtained the following variability of results.  

 
Figure 2.2 - Experimental results. 
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The experiment showed that a robot suffered maximum acceleration of over 100G 
at the impact. With protectors the accelerations remained quite high. To mitigate 
this effect, they tested an airbag system. The airbag system chosen was an airbag 
jacket.  

 
Figure 2.3 - Captures from video of the test [1]. 

Their experiment showed that the airbag could reduce the peak acceleration to 
values between 20G and 30G, which is an acceptable level for the most of robot 
hardware. They also modified the jacket to be electrically triggered instead of 
mechanically. They also derived a fall detection algorithm  

Observations 
The usage of a dummy can be really helpful for testing the effectiveness of impact 
force reduction, but the test was realized by falling on a mattress, which does not 
correspond to the real conditions of a robot falling on a shop floor. They also used 
a very simple mockup that limited the possible fall configurations to be tested. 
The test campaign could be extended using a more complex mockup of the system, 
a tool that could match kinematic and dynamic characteristics of the robot more 
precisely. We could also realize a more robust mockup to test it in falls on a shop 
floor instead of a soft mattress.  

The usage of accelerometers is good for calculating the deceleration experienced 
and also the velocities of COM. The problem is related to the estimation of the 
force. The authors use a technique based on impact force estimation from 
variation of momentum. This technique is not really powerful because the 
dynamics are much more complex than expected and the author itself points out 
the necessity of using a force plate for measuring the force transmitted to the 
floor. The other issue is that the airbag system is not completely capable of 
limiting damages related to propagation of the deceleration towards weak regions 
(electronic hardware, weak mechanical points.) It must be used every possible 
mean to reduce the impact force (impedance control) and reinforcements must be 
considered for the weak point (neck support). In case of passive falling of the 
robot it is really difficult to prevent damages with only the jacket protector. 



Passive Safe Falling of Humanoid Robots 

 

16 

16 

2.1.2. Active Compliant Impact Protection System 

Overview  
This paper reports on the development of a new pneumatically actuated impact 
protection system which can be applied to protect humanoid robots during high 
impact physical interactions. The proposed device is based on a soft inflating 
vessel that is integrated and validated on the hands of a humanoid robot. 

 
Figure 2.4 - Soft inflating vessel implemented in WALKMAN hands [2]. 

The system incorporates an active pressure control unit with on-off solenoid 
valves that permit the regulation of the air pressure of the protection chamber. 

 
Figure 2.5 - Inflation control system [2]. 

The impact protection system is smaller and lighter than a rubber-based passive 
protection previously mounted on the hands, while it offers better impact 
reduction performance via fast and accurate pressure control. The effectiveness of 
the system is verified by actual physical interaction experiments with WALK-
MAN while the robot is falling against an inclined surface, making contact with 
its hands to support its body and prevent falling and damage. 

 
Figure 2.6 - Experimental validation of protection system [2]. 
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Observations  
This solution represents a good starting point for the realization of small 
protection systems to apply to elbow, knees and butt. The technology is also 
relatively easy to be controlled opening a large variety of possibilities to maximize 
the deceleration reduction effect.  

The paper only assesses the effect of impact reduction for a case of fall on an 
inclined plane. Applying this technology onto a mockup of the robot could help 
us to understand its effect on a complete fall, a phenomenon that would involve 
much higher forces.  

The paper is helpful to understand what is the direction to choose to design an 
airbag system: in fact, we observe that inflation pressure affects inflating time of 
the system, the peak of pressure will be sustained by the control valve. These two 
aspects are good in the optic of realization of a portable HPA supply system. 
Another interesting aspect shown by the paper is that, measuring the pressure 
inside the chamber, it is possible to estimate the impact force with relatively small 
errors.  

The authors observe that a problem of the device is related to low damping 
performances of the prototype with just a valve. The suggestion is to use 2 
separated valves for supply and exhaust (with exhaust characterized by a larger 
flow rate). This opens the world of deflation control strategies for the control of 
damping to maximize impact reduction effect.  
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2.1.3. Development of life-size humanoid with active shock 
absorbing exterior and re-filling mechanism 

Overview 
The life-size humanoid used in this study has a giant buffer shell that operates in 
an instant by the extra-high-pressure inflator system only during a fall action and 
can be restored to its original state. It is not a one-off system like the "car airbag" 
because after the impact the humanoid is able to shrink the exterior of the bag 
to its original shape and returns to its original action or task. A humanoid 
equipped with such a system can play an active role without human assistance 
while maintaining safety for its structure and the environment.  

 
Figure 2.7 - Portable HPA system and giant buffer shell [7] 

Observations 
This study shows that it is possible to implement on a humanoid robot both a 
self-refoldable airbag system and a portable and autonomous HPA system for 
inflation control.  

The usage of CO2 cartridges permits to have extremely high pressures in a small 
volume but limits at the same time the autonomy of the system. In fact, these 
cartridges need to be replaced after each use. The idea can be modified 
implementing a bigger HPA tank connected to a system of buffers to increase the 
‘range’ of the application.    
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 Commercial Airbag technologies 
We have considered the following kind of protections: 

• Helmet Airbag.  
• Airbag jacket 
• Hip protector 
• Elbows and Knees protectors. 
• Neck support. 

We comment each of them. The objective for the tests is to have easily reusable 
systems. 

a. Helmet Airbag from Hovdig   
The tool consists in airbag Helmet developed for safety of cyclists [9]. The bag is 
contained inside a collar along with the cartridge and the fall detection device.  

 
Figure 2.8 - Scheme of operation of the Helmet [9] 

Observations 
It could have been a good solution for protecting the head and the weak neck but 
the system is not reusable and so it does not fit our needs. However, this 
technology might be considered for protection of the hands. 

b. Helite Turtle Air Jacket  
An airbag jacket is a tool developed for safety of motorcyclists [10].  

 
Figure 2.9 - Representation of the Jacket [10] 
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The system consists of a jacket containing an airbag. The gas generation is 
obtained through a CO2 cartridge that contains 44g of CO2 at a pressure of 60 
bar. The trigger is mechanical and consists of a rope that has to be attached to 
the motorbike. The rope requires an acceleration of 30G to detach from the 
housing. Once it is detached the spring is free to push a cylinder with a needle on 
top. The needle pierces the metal cap of the cartridge generating the inflation.  

 
Figure 2.10 - Scheme of Trigger Mechanism [10] 

Several airbag jackets were considered but, in the end, the Helite Turtle Air 
Jacket was chosen as the best solution for the following reasons:  

• It provides a large protection to the backpack of TORO. 
• It is reusable. 
• Automatically deflates without need to re-fold the bags. 
• The system is really slim and would not limit the movements of TORO. 

It could be good to study the technology and use it for other systems. The 
problems are: 

• Generation of pressurized gas which is realized with one-shot CO2 
cartridges à The producer says that HPA can be used instead. 

• The trigger for inflation is mechanical à Modifications will be applied to 
make it become electrically triggered. 

c. Hip protector from Helite 
The system consists of a belt containing the airbag, gas generation and fall 
detection device [11]. The bag is shaped to protect the hips. The device is 
developed for safe falling of elderly people. 
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Figure 2.11 - Pictures of Hip protector [11] 

Observations 
This is another interesting technology. It is reusable but it has 2 issues: the bags 
must be manually re-folded, and the protection is only lateral, while we were 
interested into a system able to protect the butt.  

d. Protectors 
Protection of elbows, knees and butt is crucial in high risk sports like 
snowboarding and skateboarding. For this reason, we have studied some of the 
commercially available solutions.  

 
Figure 2.12 - Pictures of Elbows and Knees protectors. 

Observations 
They are not airbags but could be used in addition to the airbags to distribute 
the force using the ‘shell effect’ (uniform distribution of force on the bag) and at 
the same time protect the gear in case of airbag failure.  
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e. Neck support 
It is an inflatable system used for medical purposes.  

 
Figure 2.13 - Picture of Neck support. 

Observations 
It could be the starting point for the design of an inflatable support for the neck 
of the TORO. 
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 Study of falls in humans 
2.3.1. Falls in older adults: analyses with a crash test 

dummy 

Overview 
The problem of fall is relevant especially for senior citizens. This work analyzes 
the fall kinematics by means of accelerometers placed on head and torso of a crash 
test dummy used for fall simulations. Impact force is also measured through a 
force plate.  

 
Figure 2.14 - Experimental setup [8] 

This configuration reflects the situation in which the subject does not have any 
voluntary reaction to possible injuries, which is similar to what occurs during 
elder people fall. Accelerations were measured upon varying the dummy posture; 
data obtained from accelerometers were compared with those measured with a 
vision system.  

Observations 
The paper presents several analogies with the kind of study we are pursuing. The 
usage of accelerometers to study absolute decelerations can be tricky because the 
transducer acquires both the motion and the vibrations of the system. A proper 
filtering technique is therefore necessary. The paper can also be used as a reference 
to have an idea of the amount of decelerations and forces to be expected from the 
tests.  
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 Conclusions and presentation of the work 
Thanks to all the information acquired and analyzed, we decide to realize a test 
campaign to estimate forces and decelerations of the system. A mockup of 
humanoid robot is realized to match kinematic and inertial characteristics of 
TORO. Then we proceed with: 

• Developing a controllable airbag module to be implemented onto 
elbows/knees/butt taking as a reference the paper of WALKMAN [2]. 

• Implementing and adjusting of an airbag jacket.  

To realize the measurements, a setup based on accelerometers is used. 
Measurements are then elaborated and used to estimate absolute decelerations of 
COM (Center Of Mass) of the robot during different possible fall configurations. 

Next step is represented by the realization of an analytical model that can help 
us to describe the fall of the robot in every aspect: 

• Fall detection and individuation of direction of fall.  
• Individuation of contact points. 
• Estimation of the time of fall. 
• Dynamic model to estimate decelerations and forces. 

A 3D model based on the configuration of the robot at the beginning of the fall 
is realized to have both a volume and mass distribution description. Then an 
algorithm for fall detection and individuation of direction of fall is realized. Given 
the direction of fall a 2D simplified representation of the robot is obtained. The 
contact points are then individuated by an algorithm, and then they are used to 
realize subsequent inverse pendulum models. These models are then used to 
determine the dynamics of the system. Resuming we will create: 

a. Step 1 - Stickman Creation: it takes as input joints positions vector and 
position of the robot in the environment and gives as output volume and 
mass distribution in the 3D space. 

{ {𝐶𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛}
{𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡}       →       {𝑉𝑜𝑙𝑢𝑚𝑒 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛

𝑀𝑎𝑠𝑠 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛
} 

b. Step 2 - Fall detection: it takes as input mass distribution and gives as 
output fall occurrence and direction of fall. 

{𝑀𝑎𝑠𝑠 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛       →       { 𝐹𝑎𝑙𝑙 𝑜𝑐𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑒
𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑎𝑙𝑙} 

c. Step 3 - Contact points individuation: it takes as input the direction of 
fall, volume distribution and mass distribution and gives as output the 
sequence of contact points.  
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⎩{
⎨
{⎧ {𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑎𝑙𝑙}

{𝑉𝑜𝑙𝑢𝑚𝑒 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛}
{𝑀𝑎𝑠𝑠 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛}

      →       {𝑆𝑒𝑞𝑢𝑒𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑝𝑜𝑖𝑛𝑡𝑠} 

d. Step 4 - Dynamic model: it takes as input the mass distribution and the 
sequence of contact points and gives as output the time for fall and the 
estimates of decelerations of COM and impact forces at contact. 

{{𝑆𝑒𝑞𝑢𝑒𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑝𝑜𝑧𝑛𝑡𝑠}
{𝑀𝑎𝑠𝑠 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛}       →       

⎩{
⎨
{⎧ 𝑇𝑖𝑚𝑒 𝑓𝑜𝑟 𝑓𝑎𝑙𝑙

𝐷𝑒𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑂𝑀
𝐼𝑚𝑝𝑎𝑐𝑡 𝑓𝑜𝑟𝑐𝑒𝑠 ⎭}

⎬
}⎫ 

The results of the analytical model are then compared with the accelerations time 
histories obtained from the experimental campaign.  

Future work is then presented discussing about the possibility of implementation 
of inflation/deflation control strategies.
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 Experimental study of the fall of 
a Humanoid robot 

The objective of the test campaign is to study the effectiveness of application of 
an airbag system to a humanoid robot and at the same time to gather information 
about the maximum accelerations that robot can sustain in a fall with and without 
the airbag. 

To obtain such information several devices are needed: 

• A mockup of the humanoid robot is realized to match as much as possible 
its kinematic and inertial characteristics.  

• Airbag modules for knees, elbows and butt are developed.  
• A commercial airbag jacket is adapted to use compressed air coming 

from a compressor.  

After having presented the experimental tools we describe the measurement setup 
and the procedure followed to perform the tests. Results are then presented and 
commented.  

 
Figure 3.1 - Picture of mockup during experimental campaign. 
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 Description of the Mockup 
In the work of Kajita et al. [1] we saw the benefits of using a mockup of the robot 
to realize a preliminary study of the decelerations experienced by it. The limits 
of their approach were related to the simple nature of the mockups realized which 
consisted of a flat welded plate with weights to match approximately the mass of 
the original robot. This limits the range of the study because the phenomenon of 
fall involves complex dynamics and several contact points.  

Our intention is to realize a more realistic mockup, copying the geometry, degrees 
of freedom and mass distribution of TORO to have the possibility to test a wider 
range of cases and gather data closer to reality. The mockup structure is realized 
using standard profiles and connections of the company ITEM Engineering3. The 
structure is then reinforced to sustain the forces related to the fall. Inertial 
characteristics of the robot are then gathered from the CAD model of TORO. 
Using this information, a set of weights is designed to be added to the structure 
of the mockup to match the inertial characteristics. 

 
Figure 3.2 – CAD model of the mockup. 

                                       
3 https://www.item24.it/it/ 
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3.1.1. Kinematics 
The scheme of position and DOF of TORO has been used as a reference. All the 
‘torsional’ motors (axis aligned with z in the figure) have been neglected.  
For what concerns the lower body, also the rotation around x axis in the ankle is 
not considered (x is set as front direction, z as vertical and y as lateral.) 

 
Figure 3.3 - Scheme of lower body of TORO [3] 

In the upper body, rotation around x axis of the shoulder and of the wrist are 
neglected too (technically the mockup does not have even a hand to be moved.) 

 

Figure 3.4 - Scheme of upper body of TORO [3]. 
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The model has been realized using ITEM profiles and connections. Analyzing 
the technology in detail we have:          

a. Profiles: standard aluminum profile 80x80 mm is used. Linear mass is 1.7 
kg/m. Figure 3.5 shows the characteristics of the section. 

 
Figure 3.5 - ITEM standard 40 x 40 mm Profile. 

b. Hinge connections: angular connection with adjustable position. It is 
made of Zinc alloy and has a mass of approximately 320 g. 

 
Figure 3.6 - ITEM hinge connection. 
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In addition to Item Profiles, feet are custom designed using a simple 10 mm 
thick aluminium plate with milled inserts to host the head of the screws used 
for connecting it to the Item profile of the foot. 

 
Figure 3.7 - Technical drawing of the foot. 

We obtain as a final result the skeleton of the mockup. 

 
Figure 3.8 - Upper and lower body (Left) - Comparison mockup-TORO (Right) 
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3.1.2. Reinforcements 
Reinforcements are needed because the forces and decelerations involved can 
reach respectively 20 𝑘𝑁  [8] and 100 g [1]. The structure made of aluminum will 
struggle to sustain this high impact. We individuate as weak points: 

• Hinge connections. 
• Shoulders. 
• Waist and backpack. 

Hinge connections 
The first component to be reinforced is the hinge connection. The objective is to 
obtain a stiffer but still adjustable connection, to keep the degrees of freedom for 
which we have realized such a model. 

The design proposed and realized consists in 2 circular plates centered with 
respect to the hinge connection and a group of pass-through screws: 

 
Figure 3.9 - Exploded view of the angular reinforcement. 

The semi-circular milled section permits to adjust the angular connection in all 
the range between 0° and 90° which is enough for most of the joints. The circular 
plates are realized through laser cutting of 3 mm thick aluminium plates. Screws 
both connect the plates and increase rigidity. We use: 

• 6 x M6 60 mm on the perimeter. 
• 1 x M8 60 mm in the center. 

The drawbacks of such a solution are that the torque is applied through friction 
on the plate. Since aluminium is relatively soft, it tends to be carved by the head 
of the screw creating some loosening of the connection.  
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Shoulder reinforcement 
During impacts on the elbows, a force of around 10 𝑘𝑁  is discharged on each 
arm. This force will create really high torques on the shoulder connection and two 
points are individuated as weak points: 

• Rotation of the shoulder. 
• Connection to the torso. 

 
Figure 3.10 - Weak points of the shoulder – Rotation (Left) – Connection to torso (Right) 

To reinforce the rotation of the shoulder we realized the reinforcement shown in 
Figure 3.11. Also in this case, we don’t want to lose the possibility to adjust the 
position so we drill holes to orient the arm at 0°, 90° and -45°. 

 
Figure 3.11 - Reinforcement for rotation of the shoulder. 
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For the connection with the torso, a 5 mm thick plate of iron is placed along the 
back of the robot to connect the two shoulders, the torso and the neck at the 
same time. 

 
Figure 3.12 - Back reinforcement for connection of the shoulder to the torso. 

Hip and backpack reinforcements 
The hip is a critical point because it has the task to connect legs to upper part of 
the body. Tests will show that this point is severely loaded in every fall 
configuration, and very large deformations are expected in back falls. To reinforce 
the hip, a welded connection is created getting rid of the rotation of the hip 
around x axis. Back falls are also critical for backpack because it is the most likely 
contact point.  

The entire group is reinforced with iron plates in the following way: 

 
Figure 3.13 - Hip and backpack reinforcements 
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3.1.3. Matching of Inertia 
Using the CAD of TORO, we gathered data related to inertial characteristics of 
each functional group of the robot: 

• Lower/Upper part of legs (using knee as divider) 
• Lower/Upper part of arms (using elbow as divider) 
• Waist group 
• Torso with back pack 
• Head 

A simple weight system is then designed. It consists of bars of iron with a section 
of 40x30 mm (chosen due to their linear mass ≈ 10 𝑘𝑔/𝑚) that are connected to 
the structure taking advantage of Item standard connection.  

 
Figure 3.14 - Sliding mass design. 

Such a solution gives the possibility, by sliding the masses, to adjust the position 
of COM of every functional group and thus try to match the one of the robot. 
The procedure consists of estimating from the CAD the weight of functional group 
(for example the lower leg) considering the Item skeleton and the reinforcements.  

 
Figure 3.15 - Calibration process for inertia matching of lower leg. 
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Then this mass is compared with the one of the robot and the difference is realized 
using the minimum possible number of masses. The masses are then adjusted to 
match the COM position (whole procedure in Fig. 3.15).  

Since the model corresponds to a beam representation of the TORO, we could 
only guarantee the COM position along the beam direction. Here follow the results 
obtained: 

 
Table 3-1 - Comparison of position of COM of mockup and robot. 

The final configuration of the robot can be seen in figure 3.2 at the beginning of 
the chapter.  
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 Airbag design 
3.2.1. Airbag Module 
This module consists of a simple and small airbag (inspired from [2]) realized by 
clamping 2 layers of silicon rubber with a circular ring and then pumping air 
between the two obtaining as a result a cushion in the shape of a dome. 

 
Figure 3.16 - Exploded view of the airbag module. 

The design of this tool is divided into two phases: 

• Design of the airbag. 
• Design of the connection to the mockup. 

Design of the airbag 
Starting with the design of the airbag, we observe that to clamp the two layers is 
necessary to have a ‘tooth’ that presses the rubber into a ‘void space’ creating a 
curvature of the rubber that seals the dome (detail in Fig 3.17).    

 
Figure 3.17 - Cut view of airbag module - Detail of clamping system (Left) 
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The components will be: 

a. Base: it is carved to create the space for the rubber to enter and be 
clamped. It has 17 pass-through holes for the screws that will provide the 
sealing force. It has also an internal tunnel to permit the 4 mm air pipe to 
reach the center of the airbag for inflation. 

 
Figure 3.18 - CAD of the Base 

Note that closed holes are present on the bottom to host the head of the 
screws used in the connection with the mockup. Their function will be 
better explained later.     

b. Clamper: the clamper consists of a ring with a circular ‘tooth’ that has 
the function of pushing the rubber inside the space available in the base. 

 
Figure 3.19 - CAD of the Clamper 

These two components are realized using the 3D print technology of selective laser 
sinterization. On one side this technology is cheap and gives us really good quality 
prototypes, but on the other side the usage of plastic makes the component 
relatively weak when we consider impacts.  

Another problem is the fact that it is not possible to thread the material like we 
would do with metal. It is for this specific reason that pass-through screws are 
used to create a proper clamping force on the rubber. 
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Design of the connection with mockup 
The connection with the mockup is realized in metal because 3D printed parts 
would be too weak. Since these modules will be applied to knees, elbows and butt, 
it is necessary to create a connection that could fit on the angular reinforcements 
(3.1.2 Hinge Connections). 

 
Figure 3.20 - CAD of connection of airbag with mockup. 

The scheme of the connection works in the following way: 

1. The first element is a U-shaped metal bended part that permits to pass 
from the cylindrical shape of the hinge reinforcement to the flat shape of 
the airbag base.  

2. An intermediate metal plate is placed between the U-shaped piece and 
the plastic base. This piece is connected to the previous one through four 
M4 bolt connections.  

3. The metal plate is then connected to the airbag simply with the same 
screws that perform the sealing of the ring. 

We cannot connect directly the U-shaped metal piece with the plastic base 
because we would be forced to use threaded holes, that are not a good solution 
for 3D printed pieces. Also, the geometry of the plastic base makes the usage of 
bolt connections between base and U-shaped piece unfeasible because the head 
of the screws would interfere with the silicon layer.  

 
Figure 3.21 - Airbag module during test. 
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The airbag modules are then mounted on the mockup.   

 
Figure 3.22 - Airbag modules on the mockup (Left) – Non-return pneumatic valve (Right). 

To realize the tests, non-return pneumatic valves are used to retain the pressure 
inside the chamber after inflation (Fig. 3.22 right). 

3.2.2. Airbag jacket adjustment 
Taking inspiration from the work of Kajita et al. [1] we decide to use an airbag 
jacket for the protection of torso and backpack. The airbag jacket of Helite 
technology [10] presented in section 2.2 is purchased. 

The jacket works with one-shot CO2 cartridges. To increase the possible number 
of tests to be done we decide to use a compressor. The problem is that the jacket 
has a female connector with a thread 5/8-18 UNF which is an American standard. 
We were designed and manufactured an adapter 5/8-18 UNF Male to G1/4 
Female.  

 
Figure 3.23 - Custom adapter for jacket inflation. 
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 Test campaign 
3.3.1. Preliminary description 
During the test campaign we could test the following cases: 

• Front fall: we tested with and without airbags two different configurations. 
The main aspect to be tested was the influence of the height of COM on the 
severity of the impact: 

o Squatting configuration: the mockup was set to have the hip at the 
minimum height (60 cm) from the floor. This is the normal posture adopted 
by TORO for walking motions. 

o Standing configuration: the height of hip was increased almost to the 
maximum (90 cm). This posture is rarely used in practice, but it provides 
the maximum impact force on the mockup. 

In the case of squatting configuration, we decide to pursue some tests also without 
the protections to understand how much they were influencing the results.  

 
Figure 3.24 - Front Fall configurations: Squatting (Top) - Standing (Bottom) 

• Back fall: here the crucial aspect to be tested is the influence of using the 
butt as a support to fall backwards. 

o Bending configuration: the mockup was set to have a 90° angle at hip in 
order to let it impact on butt first and backpack afterwards. 
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o Straight configuration: it is the same as the front fall. The impact 
occurs on the backpack. 

 
Figure 3.25 - Back Fall configurations: Bending (Top) - Straight (Bottom). 

To manage the large amount of data, a schematic nomenclature is developed. The 
classification code used is the following: 
1. Direction: we consider only 3 cases: 

Front (F), Back (B), Lateral (L) 

2. Height of Hip: we will test 2 positions, standing and squatting: 

90 cm (K1) 70 cm (K2) 

This parameter affects the energy of the fall varying the initial height of COM. 
They will correspond to a combination of knee and ankle angles: for K1 we 
have 45° at the knee and 22.5° at the ankle, while for K2 we have respectively 
90° and 45°. 

3. Angle of Hip: we will consider 2 possibilities: 

Straight (AH22 if K1 or AH45 if K2) Bending (AH90) 

For the straight configuration there are 2 possible angles because they depend 
on the height of hip parameter. For the bending configuration we test 90° 
because is the limit angle for that joint in the robot. The choice of a bending 
configuration will affect in different ways front and back fall. 
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a. Front fall: bending configuration reduces the time for the second impact 
b. Back fall: bending configuration makes the impact on the butt possible.   

4. Elbow support: this parameter affects the impact onto elbows.  

Without elbows (E0) with elbows (E1) 

This parameter will define whether we will fall on elbows or not. 
5. Usage of Airbags: this parameter simply affects the presence or not of 

airbags. 

With (A1) without (A0) 

Depending on the success of the adjusting operation of the jacket, we will 
try to test every configuration having all the airbags in position. The tests 
without airbags will be realized using simple protections. 

6. Number of samples: since each configuration will be repeated at least 
twice it is necessary to add at the end of the code the number corresponding 
to the fall considered. 

N(number of sample) 

We consider now an example: 

B-K1-AH90-E1-A1-N3 

This corresponds to the third sample of a test configuration with back fall, 
squatting position, bending position, presence of elbows and airbags. The first 
contact will be on the butt while the second onto the elbows. 

 
Figure 3.26 - BK1AH90E1A1-N3 configuration. 
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3.3.2. Experimental setup and procedure 

Measurement system 
As already mentioned, the measurements will involve accelerometers. Motion is 
analyzed only in the sagittal plane; therefore, acceleration will be measured only 
in x and z direction (being x aligned with direction of fall and z vertical direction.) 
We will acquire signals both at hip and chest level. The following system is used: 

• 1 × 500 g triaxial piezoelectric accelerometer (sensitivity of 10 mV/g.) 

 
Figure 3.27 - Triaxial accelerometer PCB 356B21 

• 2 × 250 g monoaxial piezoelectric accelerometers (sensitivity of 20 mV/g.) 

 
Figure 3.28 - Monoaxial accelerometer PCB 353B02 

• 1 × National Instruments DAQ with 4 analog channels and a maximum 
sampling frequency of 51.2 kHz. The board was configured with a LabView-
based software specifically developed for acquisition and conversion of 
acceleration signals. 

 
Figure 3.29 - National Instruments DAQ module. 
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The triaxial accelerometer is placed at hip level with x and z axis respectively 
oriented with direction of fall and vertical direction. The two monoaxial 
accelerometers are placed at chest level with axis oriented with z and x.  

 
Figure 3.30 - Acquisition board (Left) Hip accelerometer (Centre) Chest accelerometer (Right) 

Note that in the x-axis accelerometer of the measurement point of chest (Fig. 3.30 
right) is oriented in the negative direction, therefore measurements will have 
opposite sign with respect to absolute reference system. 

Alongside acceleration measures, videos are realized with the double purpose of 
divulgation of the work and study of the phenomenon. In facts, we acquire both: 

• 4k videos at 30 fps with a Sony Alpha 6300 for divulgation. 
• Slow motion 1080p videos at 240 fps with an iPhone X to study the dynamics 

of the phenomenon. 

The cameras are placed in fixed positions and triggered together with the 
acquisition. The tests are pursued in ‘visually clean’ environment. A grid with 
spacing of 20 cm is created on the floor to have a rough tool for calibration in 
case we would try to estimate motion from videos.  

 
Figure 3.31 - Set Up for tests. 
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Procedure for testing 
There are 2 possible ways to perform a fall: 

• Push the mockup. 
• Put the mockup in an unstable position and let it fall. 

We consider the second both closer to our study case (passive falling) and better 
for repeatability.  

To ‘let’ the mockup fall we realized the following simple system taking inspiration 
from the work of Tarabini et al. [8]. We connect one metallic rope to the head of 
the mockup and another one to a fixed metal beam. The two ropes have a ring 
at the extremities. A screwdriver is placed inside the two rings. The length of the 
ropes is chosen so that the mockup will be in an unstable position. The mechanism 
is simple: removing the screwdriver we ‘let’ the mockup fall.   

 
Figure 3.32 - Trigger mechanism for fall. 

The procedure is the following.  

1. The mockup is placed always in the same position with feet in the first 
squares of the grid. 

2. It is inclined and connected to the metallic rope. 
3. Cameras and acquisition system are activated. 
4. After 3 s the screwdriver is removed, and the mockup is let fall. Note that 

we used a chronograph to increase repeatability 
5. The acquisition and videos are stopped after 10 s to be sure that the entire 

phenomenon is acquired. 
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3.3.3. Processing of Data 
The typical signals obtained from measurement are the following. 

 
Figure 3.33 - Typical output of measurement system. 

The signal contains both absolute accelerations related to the impact and high 
frequency vibrations of the metal structure. This can be observed also from the 
study of the spectrum of each signal. 

 
Figure 3.34 – Typical spectra of signals 
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It is clear from the spectrum the distinction between low-frequency harmonics 
related to the fall dynamics and high-frequency harmonics related to vibrations 
of the structure. 

It is interesting to combine the two signals (x and z direction) through a vectorial 
addition. This is done both for chest and waist to obtain the absolute acceleration 
experienced by the two points. 

 
Figure 3.35 - Absolute acceleration signals. 

Also in this case, it is interesting to study the spectrum. The most important 
thing that can be observed is that the high frequency elements are ‘smoothed’ by 
the operation of combining the two signals. This can be attributed to the fact 
that the vibrations in the two directions are uncorrelated and noise is smoothed. 

 
Figure 3.36 - Spectra of absolute acceleration time histories. 
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We are interested only in the part of acceleration related to absolute motion 
because the mockup replicates only the mass and kinematic distribution while the 
vibrations are a function of the material and structure geometry. Filtering is 
therefore necessary. 

Tarabini et al. [8] filtered their data with a Butterworth filter of 6th order and 
passband of 300 Hz. Following their example, filtering is implemented using 
Butterworth filter and different passbands are studied: 

a. Filtering at 2500 Hz: the standard for crash test acceleration acquisition 
requires to filter data at a passband of 2500 Hz. All data of the test campaign 
have been filtered with this frequency and peaks have been collected. Here an 
example of the results obtained filtering an acceleration signal of a fall with 
airbags. 

 
Figure 3.37 - Example of signal filtered at 2500 Hz. 

The problem that can be easily spotted is that random spikes that can be 
attributed to acquisition errors are not eliminated by the filtering operation. 
Unfortunately, this phenomenon happens quite often, therefore smaller passbands 
are considered. 

b. Filtering at 100 Hz: starting from 2500 Hz we tried to decrease the cut-off 
frequency of the filter. The value of 100 Hz is chosen because it is the first one 
that is able to properly eliminate random spikes and high frequency components.  
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Figure 3.38 - Example of signal filtered at 100 Hz. 

Filtering operation is even more effective on absolute acceleration signals thanks 
to the already ‘smoothed’ spectrum. A typical result could be: 

 
Figure 3.39 - Example of absolute acceleration signal filtered at 100 Hz. 

In this plot it is possible to appreciate the fact that almost all the high-frequency 
components have been eliminated, and 2 clear peaks corresponding to impact on 
knees and elbows are present. We will consider the absolute acceleration signal 
filtered at 100 Hz as the most reliable in terms of absolute value. 
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3.3.4. Results – Front Fall 
The goals of these tests are three:  

• Collect data regarding the absolute acceleration of the robot when it falls 
frontwards impacting on knees and elbows. 

• Understand the effectiveness of airbags with respect to a simple protection. 
• Understand the influence of height of COM on the absolute acceleration. 

Squatting configuration 
Figure 3.40 presents a typical case of frontal fall with a series of photograms taken 
from a slow-motion video of one of the falls. 

 
Figure 3.40 - Photograms sequence of squatting front fall (FK2AH45E1A1) 

The tests that have been repeated are: 

• 3 x With protections and without Airbags. 
• 5 x With protections and airbags. 

Peak values (positive and negative) are collected for all the cases of unfiltered, 
filtered at 2500 Hz and at 100 Hz and they are organized in tables. Mean value is 
calculated for each row. In the end, a comparison has been realized.  
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Tables containing all the results (Table A-1 to A-8) are presented at appendix 
A at the end of the document. We report here only the mean of peaks in 
absolute acceleration: 

Table 3-2 - Front Fall - Squatting - Mean Peak Values Absolute acceleration 

   WITHOUT AIRBAG WITH AIRBAG 

FRONT FALL 
SQUATTING  

 
MAX  

ACCELERATION 

UNFILTERED 
WAIST ABS 33,7083 281,5320 

CHEST ABS 169,9948 170,4428 

FILTERED 2500 HZ 
WAIST ABS 32,7932 95,0677 

CHEST ABS 122,9005 90,7426 

FILTERED 100 HZ 
WAIST ABS 18,3793 15,4844 

CHEST ABS 72,1959 36,7086 

Calculating the variation in percentage we obtain:  

Table 3-3 - Front Fall - Squatting - Percentage variations Absolute acceleration 

   VARIATION AIRBAGS 

FRONT FALL SQUATTING  
 

MAX  
ACCELERATION 

PERCENTAGE VARIATION 

UNFILTERED 
WAIST ABS 735,20% 

CHEST ABS 0,26% 

FILTERED 
 2500 HZ 

WAIST ABS 189,90% 

CHEST ABS -26,17% 

FILTERED 
 100 HZ 

WAIST ABS -15,75% 

CHEST ABS -49,15% 

We can observe that impact reduction seems more effective on chest than on 
waist. The reason for this should be that the accelerometers at chest level directly 
measure the impact on the elbows because they are really close to the contact 
point, and therefore is more sensitive to variations of the impact. Accelerometer 
at waist level is placed at an intermediate distance between the two impact points, 
for this reason is less sensitive to impact variation but at the same time it can 
better represent the ‘average’ acceleration experienced by the mockup. 
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Standing configuration 
We increase the height of the COM and we repeat the test with and without 
airbags. Protections are always present. 

 
Figure 3.41 - Photograms sequence of standing front fall (FK1AH22E1A1) 

The tests that have been repeated are: 

• 2 x With protections and without Airbags. 
• 2 x With protections and airbags. 

Complete tables with data are at appendix A (A9-A14). Like in the previous 
case we report mean value of peak of absolute acceleration: 

Table 3-4 - Front Fall - Standing - Mean peak values absolute acceleration 

   WITHOUT AIRBAGS WITH AIRBAGS 

FRONT FALL STANDING 
 

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS 58,10415 40,79325 

CHEST ABS 324,1394 70,65055 

FILTERED 2500 HZ 
WAIST ABS 44,6223 28,03985 

CHEST ABS 205,92365 50,73425 

FILTERED 100 HZ 
WAIST ABS 24,13145 19,81925 

CHEST ABS 89,70055 31,01985 
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And percentage variation between the two cases is: 

Table 3-5 – Front Fall – Standing – Percentage variations of absolute acceleration 

   VARIATION 

FRONT FALL STANDING 
 

PERCENTAGE 
VARIATION OF MAX  

ACCELERATION 

UNFILTERED 
WAIST ABS -29,79% 

CHEST ABS -78,20% 

FILTERED 2500 HZ 
WAIST ABS -37,16% 

CHEST ABS -75,36% 

FILTERED 100 HZ 
WAIST ABS -17,87% 

CHEST ABS -65,42% 

Studying the tables in appendix A about this test, it is possible to verify that the 
results are repeatable, and so we consider these data more reliable than the 
squatting case.  

The reason why here the effectiveness of airbag is higher is that in this 
configuration impacts on knees and elbows are much closer (look at last 2 
photograms of Fig. 3.41) and this permits to better distribute the energy with 
respect to the squatting case where most of the energy is absorbed by impact on 
elbows. 

Comparison Squatting vs Standing 
Collecting the peak values, filtered at 100 Hz, for the 2 cases, we can write: 

Table 3-6 – Peak values squatting vs standing. 

  STANDING SQUATTING 

    WITHOUT AIRBAGS WITH AIRBAGS WITHOUT AIRBAG WITH AIRBAG 

FILTERED 100 HZ 
WAIST ABS 24,13145 19,81925 18,3793 15,4844 

CHEST ABS 89,70055 31,01985 72,1959 36,7086 

Calculating the variation of standing in percentage with respect to squatting 
(standing-squatting/squatting). We obtain:   

Table 3-7 - Percentage variation Squatting vs Standing 

  COMPARISON 

  WITHOUT AIRBAGS WITH AIRBAGS 

FILTERED 100 HZ 
WAIST ABS 31,30% 27,99% 

CHEST ABS 24,25% -15,50% 

We can observe that almost all the values are increased of a quantity of 30% with 
the exception of chest acceleration with airbags. This is related to the better 
distribution of energy mentioned above. 
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3.3.5. Results - Back Fall 
The goals of these tests are three:  

• Collect data regarding the absolute acceleration of the robot when it falls 
backwards. 

• Understand the effectiveness of airbag jacket. 
• Understand the influence of impacting on butt instead of directly falling on 

backpack. 

Bending configuration. 

We place the mockup in squatting configuration and then we set the hip angle at 
90° obtaining the bending configuration. 

 
Figure 3.42 - Photograms sequence of bending back fall (BK2AH90E0A1) 

The tests that have been repeated are: 

• 2 × With protections and without Airbags. 
• 3 × With protections and airbags. 

As previous cases, complete tables can be found in appendix A (table A15-A20).  
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Like in the previous case we report mean value of peak of absolute acceleration: 

Table 3-8 - Back Fall - Bending - Mean peak values of absolute acceleration 

    WITHOUT AIRBAG WITH AIRBAG 

BACK FALL BENDING  
 

MAX ABSOLUTE 
ACCELERATION 

UNFILTERED 
WAIST ABS 98,5041 79,0826 

CHEST ABS 168,4393 81,3302 

FILTERED 2500 HZ 
WAIST ABS 89,1133 49,4963 

CHEST ABS 126,9664 58,8215 

FILTERED 100 HZ 
WAIST ABS 66,2744 24,3564 

CHEST ABS 74,9013 35,1261 

And percentage variation between the two cases. 

Table 3-9 - Back Fall – Bending - Percentage variation of absolute acceleration 

   VARIATIONS 

BACK FALL BENDING 
 

PERCENTAGE VARIATION OF 
MAX ABSOLUTE 
ACCELERATION 

UNFILTERED 
WAIST ABS -19,72% 

CHEST ABS -51,72% 

FILTERED 2500 HZ 
WAIST ABS -44,46% 

CHEST ABS -53,67% 

FILTERED 100 HZ 
WAIST ABS -63,25% 

CHEST ABS -53,10% 

In this case important variations are witnessed both at waist and chest, 
confirming that the jacket is and effective impact reduction tool.  

It’s interesting to observe that absolute accelerations on waist and chest with 
airbags are really close to the one of the front falls. This can be explained 
considering that height of COM and dynamic of the fall are really close (two 
subsequent impacts). 

A drawback of this configuration is that it favors the rotation, in facts in one of 
the tests the mockup could turn upside down with the risk of damaging the head. 

 
Figure 3.43 - Mockup turns upside down after back fall in bending configuration. 
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Straight Configuration 
We keep the mockup in squatting position but this time we set hip angle at 45 
degrees thus returning to the straight configuration. 

 
Figure 3.44 - Photograms sequence of straight back fall (BK2AH45E0A1) 

The tests that have been repeated are: 

• 2 × With protections and without Airbags. 
• 3 × With protections and airbags. 

As previous cases, complete tables can be found in appendix A (table A21-A26). 
Like in the previous case we report mean value of peak of absolute acceleration: 

Table 3-10 - Back Fall - Straight – Mean peak values of absolute acceleration 

    WIHTOUT AIRBAG WITH AIRBAG 

BACK FALL STRAIGHT 
 

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS 394,5554 164,9846 

CHEST ABS 283,5115 140,2858 

FILTERED 2500 HZ 
WAIST ABS 255,6922 150,3088 

CHEST ABS 201,8475 88,4424 

FILTERED 100 HZ 
WAIST ABS 126,9777 86,5485 

CHEST ABS 103,4969 52,2821 
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And percentage variation between the two cases. 

Table 3-11 - Back Fall - Straight - Percentage variation of absolute acceleration 

   VARIATIONS 

BACK FALL STRAIGHT 
PERCENTAGE VARIATION 

UNFILTERED 
WAIST ABS -58,18% 

CHEST ABS -50,52% 

FILTERED 2500 HZ 
WAIST ABS -41,21% 

CHEST ABS -56,18% 

FILTERED 100 HZ 
WAIST ABS -31,84% 

CHEST ABS -49,48% 

From acceleration peaks we can see that this is the toughest test so far. The direct 
impact on the backpack creates the worst combination of forces simply because 
it is the only configuration where we do not have an intermediate impact (knees, 
butt in previous cases). 

Peak accelerations are large even in the case with airbag. This test created severe 
damages to the waist:  

 
Figure 3.45 - Damage to the waist. 

Studying the slow-motion videos, we can observe that the squared shape of 
backpack forced the legs to rise rapidly creating a strong torque on the waist. 
Repeating the test, the damage is increased up to the level showed in Figure 3.45. 
Note that this damage makes the mockup rotate of 30° around hip and it had to 
be repaired after every fall to continue the tests. 
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Comparison Straight vs Bending 
Collecting the peak values: 

Table 3-12 - Peak values - Straight vs Bending 

  STRAIGHT BENDING 

   WIHTOUT AIRBAG WITH AIRBAG  WIHTOUT AIRBAG WITH AIRBAG 

FILTERED 100 HZ 
WAIST ABS 126,9777 86,5485 66,2744 24,3564 

CHEST ABS 103,4969 52,2821 74,90125 35,1261 

And calculating the percentage variation (straight-bending/bending): 

Table 3-13 - Percentage variation - Straight vs Bending 

  COMPARISON 

   WIHTOUT AIRBAG WITH AIRBAG 

FILTERED 100 HZ 
WAIST ABS 91,59% 255,34% 

CHEST ABS 38,18% 48,84% 

We can witness that the usage of butt as intermediate point has a tremendous 
effect on reducing peak acceleration.  
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3.3.6. Results – Lateral Fall 
The x-axis accelerometer of the chest is re-oriented in the direction of positive y. 
For what concerns the waist, we acquire now y axis instead of x from the tri-axial 
accelerometer.  

No comparison airbag/no airbag is done in this section. We just acquired 
accelerations of a fall without protections. We could have used the airbag on the 
elbow but unfortunately the reinforcement of the shoulder didn’t give the 
possibility to orient the arm in the direction of the fall. Therefore, this is intended 
only as a quick trial to understand the dynamics of the phenomenon. 

Figure 3.46 presents a series of photograms taken from a slow-motion video of 
one of the falls. 

 
Figure 3.46 - Photograms sequence of lateral fall 
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The test is repeated 3 times and values can be found in appendix A (table A27-
28). The peak values are collected here as usual: 

Table 3-14 – Lateral Fall - Mean peak values of absolute acceleration 

   MEAN 

LATERAL FALL 
 

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS 222,6122 

CHEST ABS 137,4850 

FILTERED 2500 HZ 
WAIST ABS 112,3205 

CHEST ABS 108,2283 

FILTERED 100 HZ 
WAIST ABS 57,9166 

CHEST ABS 38,5145 

We can observe that for the first time, peak value is higher on waist than on chest 
and this is due to the fact that arms deflected a lot, absorbing the impact.  

3.3.7. Final conclusions about the test campaign. 

• Good Aspects 
The positive aspects of the test campaign are:  

a. Objective achieved= airbags showed on average an ability of acceleration 
reduction of 30-40% which is a good starting point. Through improvements of the 
technology and implementation of deflation we expect even better results in the 
future. 

b. Measurements= the acceleration measurements are not the best way to 
study the impacts because of vibrations but can still give an idea of the kind of 
reduction that can be achieved. Force measurements (through a force plate) and 
trajectory tracking (through optoelectronic systems) could have given better 
results but they require specific laboratories where this kind of tests could be 
difficult to be realized. Accelerometers on the other side are relatively easy to 
implement and give larger freedom for testing.   

• Drawbacks 
Speaking about the drawbacks, tests were really difficult to be carried on for 
different reasons: 

a. Difficulty of handling= the mockup weights almost 80 kg and is really 
difficult to be moved and positioned. Two persons (better three) are required to 
lift it from the floor after every fall. To move it around lifting machines are 
required:  
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Figure 3.47 - Mockup hanged to transportation system. 

Transportation by car is always complicated and during change of configuration 
or repair operation, the mockup must be hanged to robust supports. 

b. Difficulty of dismounting= every time we want to change the configuration 
of the mockup a lot of work and time are required. This is due the complexity of 
the design, which involves a lot of screws and reinforcements to sustain the huge 
forces of the impact. Accumulation of falls leads to deformation of the parts and 
it becomes more and more difficult to dismount pieces.  

c. Accumulation of damages= the forces involved in the phenomenon are 
really high and tend to create continuous damages to the structure which must 
be repaired every time. Front fall without airbags led to complete destruction of 
the elbow joints. Damages at waist level have already been shown in straight back 
fall section. 

 
Figure 3.48 - Damages to elbow joints
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 Modelization of the Fall 

 Stickman model 
As already described in the introduction, we can face two possible cases: 

a. Active falling: depending on initial configuration and direction of fall, the 
robot is able to react and orient the body to better sustain the impact. In our 
case, this would mean positioning elbows/knees/butt in the best way to profit 
from the presence of an airbag.  

b. Passive falling: the robot freezes because of a problem (saturation of a joint). 
The configuration is known but random and we will have contact with the 
airbags only in a certain range of configurations. 

We will concentrate on the second case. Since the robot is falling uncontrolled it 
can be useful to understand where the contact points will be, the level of force 
and the expected duration of the fall. This information can be used to have an 
idea of the possible damage received. If a system of airbags would be installed on 
the robot, we could use this information to manage the compressed air system, 
sending air to the airbags closer to the contact points. Knowing the expected 
impact force, one could even try to send the ‘right’ amount of air.  

 
Figure 4.1 - Stickman representation of TORO 

The idea is to create a 3D model of the robot that could give us both a description 
of the distribution of mass and a volumetric description of the robot. The first 
will be used to study the dynamics of the fall while the second will help us to 
identify the potential contact points. 
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4.1.1. Volumetric description 
To create a 3D representation of the volume occupied by the robot we will use:

• Homogeneous matrix: let us consider an absolute reference system 0 and a 
relative reference system 1 rotated and shifted with respect to the first one. 

 
Figure 4.2 - Reference systems to explain Homogenous Matrixes. 

Let it be: 

• 𝑠1
(0) the coordinates of the origin of the relative reference system 1 in the 

absolute one 0.  
• 𝑞,(1) = 𝛼, 𝑞,(2) = 𝛽, 𝑞,(3) = 𝛾 the rotations around the axis. 

Using a convention for order of rotations (Euler angles, absolute rotations etc.) 
we can calculate the total rotation matrix 𝑅%&% combining the three rotations 
around the axis that can be written as: 

𝑅c(𝛼) = [
cos(𝛼) sin(𝛼) 0

− sin(𝛼) cos(𝛼) 0
0 0 1

]      𝑅f(𝛽) =
⎣
⎢⎡

cos(𝛽) 0 −sin(𝛽)
0 1 0

sin(𝛽) 0 cos(𝛽) ⎦
⎥⎤ 

𝑅m(𝛾) =
⎣
⎢⎡

1 0 0
0 cos(𝛾) sin(𝛾)
0 − sin(𝛾) cos(𝛾)⎦

⎥⎤                   (4.1) 

Written the rotation matrix, we can always define the coordinates of a point in 
reference system 0 as the sum of the position in reference system 1 properly 
rotated and the relative position of the origin of 1 with respect to 0: 

𝑃 (0) = [𝑅%&%(𝑞,)] · 𝑃 (1) + 𝑂1
(0)                     (4.2) 

One can collect the terms and pass to a compact notation: which is the so-called 
homogeneous matrix notation: 

⎩
{{
⎨
{{
⎧𝑃m

(0)

𝑃f
(0)

𝑃c
(0)

1 ⎭
}}
⎬
}}
⎫

= [[𝑅%&%] 𝑂1
(0)

𝟎 1
]

⎩
{{
⎨
{{
⎧𝑃m

(1)

𝑃f
(1)

𝑃c
(1)

1 ⎭
}}
⎬
}}
⎫

     →       𝑠(0) = [𝐻(𝑞,)]𝑠(1)     (4.3) 
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If we have a sequence of reference systems that are organized in a chain, we can 
define the overall homogenous matrix by simply multiplying the H of the chain: 

[𝐻%&%(𝑞,)] = [𝐻1(𝑞,(1))] · [𝐻2(𝑞,(2))] · … · [𝐻0(𝑞,(𝑛))]      (4.4) 

Regarding rotation matrixes, we will consider the geometry of the joints to apply 
the order of rotations, i.e. if the motor that is responsible of rotations around y 
axis moves the motor of z axis rotations, we will apply then: 

𝑅%&% = 𝑅f · 𝑅c                                 (4.5) 

By concatenating different coordinate transformations described with 
homogeneous matrices, one can calculate every possible position in the robot 
knowing the vector of joints positions and the absolute position of the right foot. 
In this way, we will be able to build the ‘skeleton’ of the robot. To characterize 
the volume occupied by the robot we will describe: 

• Links with ellipsoids. 
• Joints with spheres. The radius of the sphere will vary in case we want to 

consider the presence of an airbag in that joint.  
• Squared shapes (like head, feet and backpack) with parallelepipedal shapes. 

The automatic generation of these elements is obtained using a Matlab script, 
and they are properly oriented in space using the corresponding homogeneous 
matrix. 

 
Figure 4.3 - Skeleton (Left) - Body (Right) 

Problem of the positioning of the robot in 3D space 

To place the robot in the environment it is necessary to determine the position of 
one of his points and then build the model starting from that point. Walking 
robots usually are described using a floating base model: a reference system is 
placed for example in the hip and its coordinates and velocities are estimated and 
used to build the model and place it in the environment. In the case of a fall it 
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becomes difficult to estimate the DOF of the floating base in the hip. The feet on 
the other side represent the center of rotation and are easier to be studied.  

Therefore, to simplify calculations and describe better the phenomenon of the fall 
we will use the right foot as starting point for the definition of the configuration 
of the robot. We will provide to the model an initial homogeneous matrix that 
describes the position of the right foot in the absolute reference system. Note that 
giving a proper homogeneous matrix to the model it is possible to simulate the 
fall of the robot.  

This assumption considers only cases where at least one of the robot’s feet is in 
contact with the ground. Since the distribution of mass is symmetric on the robot, 
we consider the right foot always in contact with the ground (the cases of fall 
when only the left foot is in contact are the same due to symmetry of the mass 
distribution). We position the first reference system of the kinematic chain at the 
base of the foot with the x axis oriented like the foot. We name it 0.  

The approach above is used to define positions of all the joints and links and 
their volumes.  

4.1.2. Distribution of mass 
To describe the mass distribution of the system we need to calculate the 
absolute positions of all the COM’s and use them to calculate the overall 
distribution of mass. The information about the position of COM and inertia 
have been gathered from the CAD model of TORO: 

 
Table 4-1 - COM positions and Masses of each link of TORO 

For absolute position of center of masses, we use the approach of homogeneous 
matrices seen at previous section. To describe the inertia of each link, we use the 
following tools: 
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• Theorem of Huygens-Steiner in 3D: studying the real humanoid robot, 
information about position of COM of each link has been collected referred to the 
closest joint (e.g. knee for upper and lower leg links), while matrices of inertia are 
calculated around a reference system placed in the COM of the link and oriented 
like the absolute one. Recalling the theorem: given a reference system placed in 
the COM of a rigid body and with axis parallel to the absolute reference system, 
it is then possible to write the inertia of the body in absolute system as: 

[𝐼 ](0) = [𝐼](tuv) + 𝑚 ·
⎣
⎢⎡

𝑦2 + 𝑧2 −𝑥𝑦 −𝑥𝑧
−𝑦𝑥 𝑥2 + 𝑧2 −𝑦𝑧
−𝑧𝑥 −𝑧𝑦 𝑥2 + 𝑦2⎦

⎥⎤      (4.6) 

Where m is the mass, (x,y,z) are coordinates of COM and [𝐼tuv ](0) is the inertia 
calculated with respect to the reference system placed in COM. The second term 
is a 3D representation of the moment of transportation of mass. However, the 
theorem is based on the hypothesis that the body frame and absolute frame are 
parallel. In our case the two of them will not be parallel due to joints movement. 
To solve the issue, we extract the overall rotation matrix to pass from local 
reference system to absolute one for each link.  

[𝐻%&%] = [[𝑅%&%] 𝑂1
(0)

𝟎 1
]         →      𝑠(0) = [𝑅%&%] · 𝑠(tuv)      (4.7) 

Given the definition of inertia matrix: 

[𝐼 ]()) = ∭ 𝑠()) · (𝑠()))| 𝑑𝑉                      (4.8) 

We need then to ‘rotate’ the matrix of inertia to get the mass distribution in the 
absolute reference system substituting 𝑠(0) = [𝑅%&%] · 𝑠(tuv): 

[𝐼tuv ](0) = ∭ 𝑠(0) · (𝑠(0))| 𝑑𝑉 = ∭[𝑅%&%] · 𝑠(tuv) · (𝑠(tuv))| [𝑅%&%]| 𝑑𝑉

= [𝑅%&%] (∭ 𝑠(tuv) · (𝑠(tuv))| 𝑑𝑉 ) [𝑅%&%]|  

= [𝑅%&%][𝐼tuv ](tuv)[𝑅%&%]|                           (4.9) 

So, every time that we will deal with a link characterized by inertia, we will do 
the following operations:  

1. We calculate the homogeneous matrix to pass from absolute reference system 
to a reference system placed in the COM and oriented like the link. 

2. We calculate the overall coordinates of the COM: 
𝐶𝑂𝑀) = {𝑥), 𝑦), 𝑧)}                          (4.10) 

3. We extract the overall rotation matrix and apply the transformation:  
[𝐼tuv,)](0) = [𝑅%&%,)][𝐼tuv,)](tuv)[𝑅%&%,)]|         (4.11) 
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4. Then we will calculate the overall inertia in the absolute reference system as: 

[𝐼%&%,)](0) = [𝐼tuv,)](0) + 𝑚) ·
⎣
⎢
⎡

𝑦)
2 + 𝑧)

2 −𝑥)𝑦) −𝑥)𝑧)

−𝑦)𝑥) 𝑥)
2 + 𝑧)

2 −𝑦)𝑧)

−𝑧)𝑥) −𝑧)𝑦) 𝑥)
2 + 𝑦)

2⎦
⎥
⎤  (4.12) 

A Matlab function that performs this algorithm is created. It receives as input: 

• Matrix of inertia around COM of the body. 
• Mass of the body. 
• Homogeneous matrix to pass from absolute system to a system placed in 

the COM of the body. 

And it will give as output the matrix of inertia of the body with respect to the 
absolute reference system. 

Stickman model 

In summary, that the model will receive as input: 

• Vector containing the angular positions of the robot. 
• Homogeneous matrix that transforms from an absolute reference system to 

a reference system placed in the center of the right foot (this is needed to 
place the body in the environment.) 

And it will give as output: 

• Matrix containing the points describing the volume of the system. 
• 3D Matrix containing the Inertia matrices of every functional group.   
• Vector containing the 3D positions of all the COM’s of the bodies.  

The code is realized with the possibility to have 3D plots of the result.  

 
Figure 4.4 – Example of a 3D plot of the model. 
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4.1.3. Calculations 
We place the absolute reference system on the floor in the middle of the feet.  

Center of right foot 

The first thing to be calculated is the homogeneous matrix that describes the 
position of the center of the right foot. If we consider the standing position the 
operation is simple: given the coordinates of the point with respect to the absolute 
reference system, we write: 

𝑠�,�&&%
(.��) = [0 −0,10 0]|                            (4.13) 

Then we can simply write: 

𝐻.��→0 = [[𝐼] {𝑠�,�&&%
(.��) }

𝟎 1
]                         (4.14) 

The description is more cumbersome in the case of a falling phase. During fall, 
the robot rotates around certain points of the feet until it reaches the first contact 
point. For example:  

• Front fall: the robot will rotate around the tip of the feet.  
• Back fall: the robot will rotate around the back of the foot.  
• Lateral fall: the robot will rotate round the side of the foot in the 

direction of the fall.   
• Diagonal direction: will involve complex phenomena of rotations related 

to the squared shape of the feet.  

For sake of simplicity we will not consider for the moment the diagonal falls due 
to the complexity of the motion involved. We are not losing in generality because 
the rectangular shape of the feet will make it difficult for the robot to fall in a 
diagonal direction. All the other motions can be modeled as 2D motions. 
Independently from the direction of the fall a center of rotation and a rotation 
matrix will be involved. Instead of directly defining the position of the center of 
foot we split the movement into two components: 

1. First, we define the position of the center of rotation depending on the 
direction of the fall. For example: in a front fall (direction of fall 0°) the 
homogeneous matrix would be: 

𝑠t���

(.��) = [0,14 −0,10 0]|               𝐻.��→t���
= [[𝐼 ] {𝑠t���

(.��)}
𝟎 1

]      (4.15) 

2. Second, we define the position of the center of the foot with respect to the 
center of rotation and we apply the rotation corresponding to the angle of fall 
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(0 in case of standing position). Still considering the front fall we write the 
relative position of center of foot with respect to center of rotation. 

𝑠/�0%���&&%
(t���) = [−0,14 0 0]|                                (4.16) 

Then we define the matrix of rotation. In this case it is a rotation around y axis 
of an angle 𝜗 which is considered as an input in the model: 

𝑅��

(t���→0) = 𝑅𝑜𝑡(𝑦, 𝜗) =
⎣
⎢⎡

cos(𝜗) 0 sin(𝜗)
0 1 0

−sin(𝜗) 0 cos(𝜗)⎦
⎥⎤               (4.17) 

Then the homogeneous matrix will become: 

𝐻t���→0 = [[𝑅��

(t���→0)] {𝑠/�0%���&&%
(t���) }

𝟎 1
]                   (4.18) 

To pass from absolute system to center of foot we will need to evaluate the 
product of the previous two transformations.  

𝐻.��→0 = 𝐻.��→t���
· 𝐻t���→0                        (4.19) 

Analogous calculations are involved in the case of a back fall and lateral fall. A 
Matlab function is created that takes as input direction of fall and angle of fall 
and gives as output the homogeneous matrix to pass form absolute reference 
system to center of right foot.  

We show now the calculations involved in the creation of the model using as 
example the joint of the right ankle. The calculations for all the rest of the model 
are the same. 

• Right ankle: we place the next reference system in the ankle oriented like the 
lower leg link. The ankle position in the foot reference system will have always 
the following coordinates: 

𝒔�,.0���
(0) = [0 0 0,1189]|                           (4.20) 

The ankle is modeled as a 2 degree of freedom pin with rotations around the x 
axis (𝑞,(5)):  

𝑅��

(0→5,6) = 𝑅𝑜𝑡(𝑥, 𝑞,(5)) =
⎣
⎢⎡
1 0 0
0 cos(𝑞,(5)) − sin(𝑞,(5))
0 sin(𝑞,(5)) cos(𝑞,(5)) ⎦

⎥⎤    (4.21) 

And y axis (𝑞,(6)) using these coordinates we can derive the rotation matrix: 

𝑅��

(0→5,6) = 𝑅𝑜𝑡(𝑦, 𝑞,(6)) =
⎣
⎢⎡

cos(𝑞,(6)) 0 sin(𝑞,(6))
0 1 0

−sin(𝑞,(6)) 0 cos(𝑞,(6))⎦
⎥⎤    (4.22) 



Chapter 4: Modelization of the Fall 

 

71 

71 

We are able now to calculate the homogenous matrix to pass from foot to ankle.  

𝐻�,.0���
(0→5,6) = [[𝑅��

(0→5,6)] · [𝑅��

(0→5,6)] {𝑠�,.0���
(0) }

𝟎 1
]              (4.23) 

We store it into a database and then we continue in the algorithm multiplying it 
with the previous ones, obtaining the total homogenous matrix with respect to 
absolute reference system. 

𝐻.��→.0��� = 𝐻.��→0 · 𝐻�,.0���
(0→5,6)                          (4.24) 

The relative positions of COM of lower leg is: 

𝒔�,������ ���

(5,6) = [0 0 0,177]|                         (4.25) 

Multiplying this quantity with the total homogeneous matrix we are able to 
calculate the absolute position of COM of the right lower leg.  

𝐶𝑂𝑀�,.0���
(.��) = [𝐻.��→.0���] · {𝒔�,������ ���

(5,6)

1
}           (4.26) 

We store it into a proper database. Last, we calculate the equivalent inertia using 
the algorithm described in section 4.1.2. 

 

Repeating the previous passages for every joint of the robot we are able to 
obtain the complete modelization in terms of volume and mass distribution. 
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 Model for identification of contact points 

 
Figure 4.5 - Representation of a concentrated masses model of the robot. 

Using the stickman model from Section 4.1, we can have an instantaneous 
feedback on the mass and volume distribution of the robot at the instant in which 
it freezes because of a saturation. The first thing to be determined is whether the 
robot will fall or not and in which direction. An algorithm must be developed 
that using the instantaneous mass distribution is able to understand whether the 
position of COM and the inertia of the robot will make it fall. Then we need to 
identify what will be the first contact point. Depending on what is the first contact 
point we will implement a logic to understand whether the rotation will continue 
or not. In case of continuation of the rotation we will implement an algorithm to 
identify the second contact point. And so on.   

4.2.1. Fall detection 
Fall detection in a generic case would involve a combination of angular position 
and angular velocity of the equivalent inverse pendulum representing the robot. 
In case of passive safe falling we can imagine the robot as frozen in a certain 
position. For modeling the fall, we will use a simple inverted pendulum model to 
describe the dynamics of the phenomenon. We will consider the velocity as null, 
therefore the fall will be only dependent on the position of COM.  

In fact, depending on the position of COM we are able to calculate the position 
of center of pressure in the feet as the x and y coordinates of the COM.  

𝐶- = [
𝐶𝑂𝑀m
𝐶𝑂𝑀f

]                                  (4.27) 

We introduce now the concept of support polygon to define the fall detection 
algorithm. 
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• Support Polygon: is defined as the shape that is created by the robot when 
it touches the ground. So, given the number of feet in contact (it can be 1 or 2) 
we are able to define different ranges of x and y coordinates to describe the 
support polygon. Fall will occur whenever the projection of COM is outside the 
ranges of the support polygon: 

𝐶𝑂𝑀m ∉ {𝑥,)0, 𝑥,.m}      ∧        𝐶𝑂𝑀f ∉ {𝑦,)0, 𝑦,.m}       (4.28) 

The next step is the identification of the direction of fall. Using the x and y 
coordinates of COM we are able to calculate the direction of the fall: 

𝛼 = atan (
𝐶𝑂𝑀f

𝐶𝑂𝑀m
)                           (4.29) 

There are 4 different cases: 

a. Frontal fall: impact will be most likely on knees, elbows or hands and 
head. 

b. Back fall: the impact will be most likely on butt and backpack. 
c. Lateral fall: impact is with elbows, hands, or arm in generic position. It 

is difficult to exploit the knees and legs.  
d. Diagonal fall: it is a combination of the first 3 categories and it’s quite 

difficult to be studied.   

As already said the squared geometry of the feet will ‘force’ the motion to follow 
one of the first 3 directions in most of the cases. The diagonal fall will be difficult 
to happen and to be studied and therefore is not considered in this model. We 
give to each case a range of angles.  

𝐹𝑟𝑜𝑛𝑡 𝐹𝑎𝑙𝑙    →     − 𝜋
4 < 𝛼 < 𝜋

4 

   𝐵𝑎𝑐𝑘 𝐹𝑎𝑙𝑙    →      34 𝜋 < 𝛼 < 5
4 𝜋 

𝐿𝑎𝑡𝑒𝑟𝑎𝑙 𝐹𝑎𝑙𝑙     →     

⎩{
⎨
{⎧

𝜋
4 < 𝛼 < 3

4 𝜋

5
4 𝜋 < 𝛼 < 7

4 𝜋
                  (4.30) 
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4.2.2. Identification of first contact point  
The idea is to pass from a 3D model to a 2D model projecting the 3D model 
into the plane of rotation of the robot.  

 
Figure 4.6 - Projection process. 

The projection works like this: we start from the absolute reference system used 
to create the 3D model. We take the information about the direction of fall from 
the fall detection algorithm and we re-orient the x axis in that direction. In other 
words, we rotate the 𝑥, 𝑦 plane around the 𝑧 axis.   

𝑅�¦

(0→0′) = 𝑅𝑜𝑡(𝑧, 𝛼) = [
cos(𝛼) − sin(𝛼) 0
sin(𝛼) cos(𝛼) 0

0 0 1
]            (4.31) 

Using the rotation matrix, we apply the transformation to the matrix containing 
the positions of points describing the volume and the distribution of mass. Once 
we have the final position in the new reference system, we ‘project’ the 3D 
stickman on the plane of fall by extracting only the 𝑥′, 𝑧 positions of the points. 
We should obtain results like this for the case of frontal/back fall: 

 
Figure 4.7 - Moving from 3D to 2D representation. 
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To determine the contact points, we calculate for each point the angle with 
respect to the center and direction of rotation. This corresponds to considering 
several pendulums starting from the rotation point: 

𝑟) = √(𝑥) − 𝑥u)2 + (𝑧) − 𝑧u)2          𝜙) = atan (𝑧) − 𝑧u
𝑥) − 𝑥u

)       (4.32) 

We will identify as first contact point the one with the smallest angle with respect 
to the direction of the fall. 

min
)

(𝜙))     →     (𝑟1, 𝜙1)                         (4.33) 

 
Figure 4.8 - Identification of first contact point. 

In case of back fall, the first contact point would be the butt. In front fall, it 
would be the knee. Once we have identified the first contact point, we calculate 
a new homogenous matrix to describe the center of foot applying a rotation equal 
to the angle of the contact point. The result would be the configuration of the 
robot when the first impact occurs: 

 
Figure 4.9 - Configuration at first contact point. 
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4.2.3. Second contact point 
To determine whether there will be a second contact point we can use a simple 
hypothesis: we calculate the new absolute position of the COM and we see 
whether it is beyond the contact point in the direction of the fall, as it will be 
explained below..  

 
Figure 4.10 - Mass distribution at first contact. 

We calculate the vectors connecting the masses and the first contact point: 

𝑟)̃ = √(𝑥1 − 𝑥))2 + (𝑧1 − 𝑧))2          𝜃�1 = atan (𝑧1 − 𝑧)
𝑥) − 𝑥1

)       (4.34) 

We calculate then the x coordinate of the COM: 

" 𝑟#𝑖 cos$𝜃𝐺𝑖1%
&

= 𝑥𝐶𝑂𝑀                            (4.35) 

Then we can write that if: 

𝑥tuv · cos(𝛼) > 0                               (4.36) 

The rotation will continue. The angle α is the direction of fall and we have to 
add it because the concept of ‘further than the contact point’ depends on the 
direction of the fall (in front fall 𝑥tuv > 0 while in back fall 𝑥tuv < 0).  

In case the rotation continues we apply the same algorithm used for identification 
of first contact point: 

 
Figure 4.11 - Individuation of second contact point. 



Passive Safe Falling of Humanoid Robots 

 

78 

78 

We move the origin of the absolute reference system by calculating a new input 
homogeneous matrix to pass from first contact point to center of rotation in the 
feet: 

𝐻t°���

(t²1→0) = [[𝑅¶
(t²1→0)] {−𝐶¹1

}
𝟎 1

]               (4.37) 

Applying the algorithm of the stickman we are able to get all the volume and 
mass distribution in the first impact configuration. We can then apply the 
algorithm seen till now and identify the second contact point. 

 
Figure 4.12 - Results of individuation of second contact point. 

In conclusion, we point out that the algorithm is able to compute what point on 
the robot will impact the floor once the fall has started. The position of each 
contact point is compared with a database containing the name of the contact 
points.  

𝐶¹1
→

⎩{
⎨
{⎧

𝐾𝑛𝑒𝑒
𝐻𝑖𝑝

⋮
𝐻𝑒𝑎𝑑⎭}

⎬
}⎫

→ {𝐻𝑖𝑝}                    (4.38) 

This information can be used in many ways: 

• Forecast the possible damages to the structure.  
• Choose the right control strategy (i.e. if the robot is going to impact on 

head, we command the arms to protect it.) 
• In case an airbag is present, the information can be used to manage the 

compressed air system. The controller detects that he is going to fall on 
the knees, then it can communicate to the compressed air system to send 
air to the airbags on knees.  

We will focus on the third point for the final part of the thesis.  
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 Dynamic model of the fall 
A dynamic model of the fall is needed for the estimation of several factors, 
including: 

a. Time of the fall: could be used by the controller of the robot to have a 
starting guess of the time window available for application of active falling 
control strategies. In passive falling, this time can be used to understand the 
pressure needed to inflate the airbags ‘in time’ and what is the best strategy 
of inflation depending on which points will impact the floor. 

b. Forces and corresponding decelerations: involved can be used for the 
future design of next generation robots. They can also be used to estimate the 
level of possible damages occurred to the robot. The creation of a parametric 
model opens the possibility to study the influence of airbag parameters on 
impact reduction performances. This information can be used to design the 
airbags and to control the optimal mass of air to be inflated.  

To create a dynamic model, we need:  

• Kinematic analysis. 
• Dynamic equilibria. 
• Model of the airbag.  
• Model of the hard impact.  

 

4.3.1. Kinematic Analysis 
Position analysis 
We apply the hypothesis that every time an impact occurs there is a change of 
center of rotation. Therefore, a set of position variables must be created to 
describe properly this passage. There are several possible contact points: 

• Knees. 
• Butt. 
• Back pack. 
• Elbows. 

To study the change of center of rotation we need to define some quantities: 

a. Position of COM: it must be defined both with respect to center of 
rotation and first contact point. During impact the model will pass from an 
inverse pendulum that rotates around the feet to an inverse pendulum that 
rotates around the first contact point (knees, elbows, butt, etc.) The COM 
position is described with radial coordinates: 



Passive Safe Falling of Humanoid Robots 

 

80 

80 

𝜗0,tuv = atan (
𝑦0,tuv

𝑥0,tuv
)       𝑟0,tuv = √𝑥0,tuv

2 + 𝑦0,tuv
2       (4.39) 

𝜗1,tuv = atan (
𝑦0,tuv − 𝑦0,t1

𝑥0,tuv − 𝑥0,t1

)                               

𝑟1,tuv = √(𝑦0,tuv − 𝑦0,t1
)2 + (𝑥0,tuv − 𝑥0,t1

)2            (4.40) 

b. Position of first contact point: calculated with respect to the center of 
rotation. This parameter will be used to define the motion of the first 
contact point during the compression of the airbag.  

𝜗0,t1
= atan (

𝑦0,t1

𝑥0,t1

)           𝑟0,t1
= √𝑥0,t1

2 + 𝑦0,t1
2            (4.41) 

All these parameters are described in the following examples. 

 
Figure 4.13 - Two possible fall configurations 

Note that 𝜗1,tuv  is shifted by a constant angle with respect to 𝜗0,t1
 as we 

assume that the robot is completely rigid during the passive fall. 

 𝜗1,tuv = 𝜗0,t1
+ 𝛼t𝐶𝑂𝑀,1     →      𝛼tÀÁÂ,1 = 𝜗0,tuv (𝑡)̅ − 𝜗0,t1

(𝑡)̅      (4.42) 

Here it follows a representation of the angles. 

 
Figure 4.14 - Representation of the angles 
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Velocity analysis 

Figure 4.15 shows a scheme of the velocities of the system before the impact. 

 
Figure 4.15 - Kinematic change after impact 

During the first phase of motion, we will have a rotation around the center of 
rotation given by the feet. Therefore, the absolute velocity of the first contact 
point and COM will be (note: the sign ∧ is the vectorial product): 

𝑣t⃗1
= 𝜗0̇ ∧ (𝐶1 − 𝐶0)              𝑣t⃗uv = 𝜗0̇ ∧ (𝐶tuv − 𝐶0)            (4.43) 

Since the impact will force the motion to pass from rotation around 𝐶0 to rotation 
around 𝐶1 it can be useful to calculate the velocity of COM using Rivals theorem 
with respect to the first contact point 𝐶1. We obtain: 

𝑣t⃗uv = 𝑣t⃗1
+ 𝜗1̇ ∧ (𝐶tuv − 𝐶1)                            (4.44) 

The rotation around C1 can be calculated for the first phase of the fall (foot in 
contact) considering that the point 𝐶0 has absolute velocity null: 

𝑣t⃗0
= 0 = 𝑣t⃗1

+ 𝜗1̇ ∧ (𝐶0 − 𝐶1) 
→ {𝑣t⃗1

= 𝜗0̇ ∧ (𝐶1 − 𝐶0)} →    

𝜗1̇ = 𝜗0̇                                          (4.45) 

After the impact the velocity 𝑣t⃗1
 is nullified and the motion is transformed into 

a rotation around 𝐶1. Therefore, the velocity of COM will be: 

𝑣t⃗uv = 𝜗1̇ ∧ (𝐶tuv − 𝐶1) = 𝜗0̇ ∧ (𝐶tuv − 𝐶1)           (4.46) 

Using the information about velocity it is possible to estimate the absorption of 
energy. Before the impact the velocity is: 

𝑣t⃗uv = 𝑣t⃗1
+ 𝜗0̇ ∧ (𝐶tuv − 𝐶1)     →     𝑣t⃗uv = 𝜗0̇ ∧ (𝐶tuv − 𝐶1)     (4.47) 

So, we can calculate the kinetic energy before and after impact and estimate the 
energy absorbed by the impact.  
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Accelerations analysis 

Figure 4.16 provides a scheme for thee computation of accelerations: 

 
Figure 4.16 - Absolute accelerations 

We start using the absolute rotation around 𝐶0: 

𝑎t⃗ÀÁÂ
= 𝜗0̈ ∧ (𝐶tuv − 𝐶0) − 𝜗0̇

2(𝐶tuv − 𝐶0) 

{
𝑎t⃗ÀÁÂ,m = 𝐶tuv𝐶0

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅(−𝜗0̈ sin(𝜗0,tÀÁÂ
) − 𝜗0̇

2 cos(𝜗0,tÀÁÂ
))

𝑎t⃗ÀÁÂ,f = 𝐶tuv𝐶0
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅(𝜗0̈ cos(𝜗0,tÀÁÂ

) − 𝜗1̇
2 sin(𝜗0,tÀÁÂ

))
       (4.48) 

Also in this case, we calculate the kinematics of the point 𝐶1. In the first fall 
phase we have: 

𝑎t⃗1
= 𝜗0̈ ∧ (𝐶1 − 𝐶0) − 𝜗0̇

2(𝐶1 − 𝐶0) 

{
𝑎t⃗1,m = 𝐶1𝐶0

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅(−𝜗0̈ sin(𝜗0,t1
) − 𝜗0̇

2 cos(𝜗0,t1
))

𝑎t⃗1,f = 𝐶1𝐶0
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅(𝜗0̈ cos(𝜗0,t1

) − 𝜗0̇
2 sin(𝜗0,t1

))
             (4.49) 

Then using Rivals with respect to 𝐶1 we write acceleration of 𝐶tuv  (Fig. 4.18): 

𝑎t⃗ÀÁÂ
= 𝑎t⃗1

+ 𝜗1̈ ∧ (𝐶tuv − 𝐶1) − 𝜗1̇
2(𝐶tuv − 𝐶1) 

{
𝑎t⃗ÀÁÂ,m = 𝑎t⃗1,m + 𝐶tuv𝐶1

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅(−𝜗1̈ sin(𝜗1,tÀÁÂ
) − 𝜗1̇

2 cos(𝜗1,tÀÁÂ
))

𝑎t⃗ÀÁÂ,f = 𝑎t⃗1,f + 𝐶tuv𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅(𝜗1̈ cos(𝜗1,tÀÁÂ

) − 𝜗1̇
2 sin(𝜗1,tÀÁÂ

))
(4.50) 

Once again, we consider the acceleration of point 𝐶0 to calculate 𝜗1̈: 

𝑎t⃗0
= 0 = 𝑎t⃗1

+ 𝜗1̈ ∧ (𝐶0 − 𝐶1) − 𝜗0̇
2(𝐶0 − 𝐶1)              (4.51) 
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Some terms neglect each other: 

0 = 𝜗0̈ ∧ (𝐶1 − 𝐶0) − 𝜗0̇
2(𝐶1 − 𝐶0) − 𝜗1̈ ∧ (𝐶1 − 𝐶0) + 𝜗0̇

2(𝐶1 − 𝐶0) 

𝜗1̈ = 𝜗0̈                                          (4.52) 

 
Figure 4.17 - Rivals theorem applied to COM. 

We substitute this result: 

{
𝑎t⃗ÀÁÂ,m = 𝑎t⃗1,m + 𝐶tuv𝐶1

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅(−𝜗0̈ sin(𝜗1,tÀÁÂ
) − 𝜗0̇

2 cos(𝜗1,tÀÁÂ
))

𝑎t⃗ÀÁÂ,f = 𝑎t⃗1,f + 𝐶tuv𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅(𝜗0̈ cos(𝜗1,tÀÁÂ

) − 𝜗0̇
2 sin(𝜗1,tÀÁÂ

))
  (4.53)        

And after collecting terms the equation becomes:  

𝑎t⃗ÀÁÂ,m = −𝜗0̈(𝐶1𝐶0
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ sin(𝜗0,t1

) + 𝐶tuv𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ sin(𝜗1,tÀÁÂ

)) + 

−𝜗0̇
2(𝐶1𝐶0

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ cos(𝜗0,t1
) + 𝐶tuv𝐶1

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ cos(𝜗1,tÀÁÂ
))                     (4.54) 

𝑎t⃗ÀÁÂ,f = 𝜗0̈(𝐶1𝐶0
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ cos(𝜗0,t1

) + 𝐶tuv𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ cos(𝜗1,tÀÁÂ

)) + 

−𝜗0̇
2(𝐶1𝐶0

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ sin(𝜗0,t1
) + 𝐶tuv𝐶1

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ sin(𝜗1,tÀÁÂ
))                      (4.55) 

Before the change of center of rotation 𝜗1̇, 𝜗1̈ and 𝑣t⃗1
, 𝑎t⃗1

 are dependent on 
𝜗0̇, 𝜗0̈. As soon as the change happens, they will be function of the dynamics of 
the system: 

∑ 𝐹f
)

= 𝑚 · 𝑎t⃗1                  ∑ 𝑀t1
)

= 𝐽t1
· 𝜗ẗ1

                  (4.56) 

Acceleration of the center of mass will become: 

{
𝑎t⃗ÀÁÂ,m = 𝑎t1,m − 𝜗1̈𝐶tuv𝐶1

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ sin(𝜗1,tÀÁÂ
) − 𝜗1̇

2𝐶tuv𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ cos(𝜗1,tÀÁÂ

)

𝑎t⃗ÀÁÂ,f = 𝑎t1,f + 𝜗1̈𝐶tuv𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ cos(𝜗1,tÀÁÂ

) − 𝜗1̇
2𝐶tuv𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ sin(𝜗1,tÀÁÂ

)
(4.57) 
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4.3.2. Dynamic Equilibrium 

 
Figure 4.18 - Dynamic equilibrium scheme for impact on knee. 

Writing the equilibrium equations in the most general case, we obtain: 

∑ 𝐹m
)

= 𝐹)0,m + 𝑅t0,m + 𝑅t1,m = 0                      (4.58) 

∑ 𝐹f
)

= −𝑚𝑔 + 𝐹)0,f + 𝑅t0,f + 𝑅t1,f = 0                  (4.59) 

∑ 𝑀t0
)

= −𝐶)0 + 𝑅t1,f𝐶0𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 𝐹)0,m𝐶0𝑃tuv

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ sin(𝜗0) 

−(𝐹)0,f + 𝑚𝑔)𝐶0𝑃tuv
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ cos(𝜗0) = 0                   (4.60) 

The vertical reaction forces are related to a contact, so they cannot be negative, 
and they are null if we lose contact. This creates a modification of the equilibrium 
equations depending on the kind of dynamic configuration. We define the 
following quantities: 

𝐹)0,m = −𝑚𝑎ẗÀÁÂ,�
                                (4.61) 

𝐹)0,f = −𝑚𝑎ẗÀÁÂ,�
                                (4.62) 

𝐶)0 = −𝐼ff,tuv𝜗0̈                                (4.63) 

We substitute them into the equations: 

∑ 𝐹m
)

= −𝑚𝑎ẗÀÁÂ,�
+ 𝑅t0,m + 𝑅t1,m = 0                  (4.64) 

∑ 𝐹f
)

= −𝑚(𝑔 + 𝑎ẗÀÁÂ,�
) + 𝑅t0,f + 𝑅t1,f = 0              (4.65) 

∑ 𝑀t0
)

= −𝐼ff,tuv𝜗0̈ + 𝑅t1,f𝐶0𝐶1
̅̅̅ ̅̅ ̅̅ ̅̅̅ ̅̅ ̅̅ − 𝑚 · 𝑎ẗÀÁÂ

 

+𝑚𝑔 · 𝐶0𝐶tuv
̅̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ̅̅̅̅ ̅̅̅ ̅̅̅ ̅ cos(𝜗0) = 0                           (4.66) 
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 Solution of the dynamics before the impact 
Before the impact there’s no contact with the first contact point so 𝑅t1,f = 0. 
The equations become: 

∑ 𝐹m
)

= −𝑚𝑎ẗÀÁÂ,�
+ 𝑅t0,m = 0                     (4.67) 

∑ 𝐹f
)

= −𝑚(𝑔 + 𝑎ẗÀÁÂ,�
) + 𝑅t0,f = 0                  (4.68) 

∑ 𝑀t0
)

= −𝐼ff,0𝜗0̈ + 𝑚𝑔 · 𝐶0𝐶tuv
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ cos(𝜗0) = 0              (4.69) 

It must be assessed the condition of no-slip on the rotation center: 

𝑅t0,�
< 𝑓 · 𝑅t0,�

                               (4.70) 

We re-arrange the first equation: 

∑ 𝐹m
)

 →  𝑅t0,m =  𝑚 · 𝑎ẗÀÁÂ,�
                                                           

= 𝑚𝐶0𝐶tuv
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅(−𝜗0̈ sin(𝜗0,tÀÁÂ

) − 𝜗0̇
2 cos(𝜗0,tÀÁÂ

))    (4.71) 

We re-arrange the second equation: 

∑ 𝐹f
)

 →  𝑅t0,f = 𝑚 (𝑔 + 𝐶tuv𝐶0
̅̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ̅̅̅̅ ̅̅̅ ̅̅̅ ̅(𝜗0̈ cos(𝜗0,tÀÁÂ

) − 𝜗0̇
2 sin(𝜗0,tÀÁÂ

)))     (4.72) 

We substitute these 2 results into the no-slip assessment:  

𝐶0𝐶tuv
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅(−𝜗0̈ sin(𝜗0,tÀÁÂ

) − 𝜗0̇
2 cos(𝜗0,tÀÁÂ

))

< 𝑓 (𝑔 + 𝐶0𝐶tuv
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅(𝜗0̈ cos(𝜗0,tÀÁÂ

) − 𝜗1̇
2 sin(𝜗0,tÀÁÂ

)))    (4.73) 

From which we get: 

𝜗0̈ · 𝐶0𝐶tuv
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅(sin(𝜗0,tÀÁÂ

) − 𝑓 cos(𝜗0,tÀÁÂ
)) < 𝑓 · 𝑔 

𝜗0̈ < 𝑓𝑔
𝐶0𝐶tuv
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅(sin(𝜗0,tÀÁÂ

) − 𝑓 cos(𝜗0,tÀÁÂ
))

            (4.74) 

We re-arrange the third equation: 

∑ 𝑀t0
)

      →         𝜗0̈𝐼ff,0 = 𝑚𝑔 · 𝐶0𝐶tuv
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ cos(𝛼) 

𝜗0̈ = (𝑚𝑔 · 𝐶0𝐶tuv
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
𝐼ff,0

) cos(𝜗0,tÀÁÂ
)                 (4.75) 

Integrating this non-linear differential equation, we will obtain the trajectory of 
the first pendulum. The initial angle is obtained from the model as: 

𝛼0 = 𝜑tuv (𝑡0)                                 (4.76) 



Passive Safe Falling of Humanoid Robots 

 

86 

86 

While the initial angular velocity is obtained from the impulse created by a 
pushing force: 

𝐹 · ∆𝑡 = 𝑚 · ∆𝑣      →       𝛼0̇ = 𝐹 · ∆𝑡
𝑚 · 𝐶0𝑃tuv

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅                  (4.77) 

From this integration we can obtain the time for the first impact considering as 
final position: 

𝛼1 = 𝜑tuv (𝑡0) − 𝜑t²1
(𝑡0)                            (4.78) 

Typical results are the following: 

 
Figure 4.19 - Typical results of free fall. 

The conditions before the impact are: 

Time for first fall is:       0.5441 s 
Angular position before the impact is:    0.6452 rad 
Angular velocity before the impact is:       -2.3981 rad/s 
Angular acceleration before the impact is:   -9.3601 rad/s2 
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While for linear positions velocities and acceleration we obtain: 

 

 

The linear kinematic conditions before the impact are: 

Absolute position of COM:    x=0.7571 m  y=0.2986 m 
Linear velocity of COM before impact:     -2.872 m/s 
Linear acceleration of COM before impact:    1.293 g 
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Chapter 4: Modelization of the Fall 

 

89 

89 

 Modelization of the impact 
We have already pointed out that after impacts there is the possibility of a change 
of center of rotation. In those cases, the motion could be simplified as subsequent 
inverse pendula with different inertial characteristics.  

One could imagine describing the entire motion using two or maximum three 
integrations of the equations seen above changing every time the initial conditions 
and characteristics of pendulums. 

 
Figure 4.20 - Two subsequent pendula. 

Inertial characteristics of pendulum after every impact can be easily calculated 
using the framework of stickman model. The problem is the estimation of the 
influence of the impact on the kinematic characteristics. We can use two different 
approaches: 

• We do not model the impact dynamics and we make assumptions on the 
kinematic change.  

• We model the impact and the contact, and we see their direct effect on 
the acceleration and velocity of COM. 

The first approach is simpler but less accurate. The second should be better but 
also more complex. We’ll develop both and compare them with the 
experimental data. 

 



Passive Safe Falling of Humanoid Robots 

 

90 

90 

4.5.1. Kinematic model of impact. 
In this approach we consider the following framework: the first phase of fall is 
represented by the motion of an inverse pendulum and integrated up to the first 
impact. Then, through assumptions, kinematic conditions after impact are 
estimated. A new pendulum is built and integrated to obtain the dynamics of the 
second phase of the fall. 

The problem is represented by the estimation of new initial conditions of velocity 
after each impact. The main issues are to determine what is the duration of impact 
and what is the variation of velocity experienced by COM. 

a. Time for change of center of rotation= studying the slow-motion videos 
of impacts we can observe that impacts with airbags have much longer durations 
than hard impacts. Notice that this is simply the basic function of an airbag: to 
make the variation of velocity last longer. Durations for both cases with and 
without airbags can be estimated from slow-motion videos counting frames. 

b. Variation of velocity= we recall the representation of velocity of COM at 
first impact through Rivals theorem: the velocity is composed by absolute velocity 
of the first contact point plus the relative rotational velocity around the first 
contact point. Our hypothesis is that after the impact only the relative rotational 
speed remains and thus the COM experiences a change of velocity equal to the 
absolute speed of first contact point before the impact.  

 
Figure 4.21 - Kinematic change after impact. 

In other words, we are assuming that there is a plastic impact at the contact 
point 1, so all of its energy is dissipated with the impact. Therefore, we subtract 
this dissipated velocity to obtain the new estimated velocity for the COM. 
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For both cases of airbag and hard impact we calculate the variation of velocity 
in this way: 

𝑣t⃗uv(𝑡),-
+ ) = 𝑣t⃗uv(𝑡),-

− ) − 𝑣t⃗1
(𝑡),-

− )                     (4.79) 

For deceleration time, we use the data taken from videos to estimate the time 
needed for deceleration. Using this time, we will estimate a shape for the 
deceleration profile and calculate the equivalent deceleration. For example, given 
a time ∆𝑡 and a triangular deceleration profile we get: 

1
2 𝑎 · ∆𝑡 = (∣𝑣t⃗uv (𝑡),-

+ )∣ − ∣𝑣t⃗uv (𝑡),-
− )∣)  →    𝑎 = 2 · ∆𝑣

∆𝑡        (4.80) 

After having estimated the peak of deceleration, we calculate the inertia of the 
new pendulum considering the mass distribution around the first contact point. 
Then we use the new velocity as initial condition, and we integrate the dynamic 
equations for the second pendulum that represents the motion around the first 
contact point using formulae of section 4.4. We reach the second contact point 
and we repeat the calculation of 4.80. 

Results. 

We consider as an example the kind of results that can be obtained using this 
kind of model in the case of a front fall with airbags in squatting position. 

 
Figure 4.22 - Example of results with 'kinematic' model in the case of a front fall in squatting 

position with airbags. 
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4.5.2. Dynamic model of impact. 
The contact with the airbag can be modeled as spring and damper group:  

 
Figure 4.23 - Modelling of contact as spring-damper group. 

The force of contact would be:  

𝑅t1
(𝑡) = 𝑐 · 𝑥(̇𝑡) + 𝑘 · (𝑥(𝑡) − 𝑥(𝑡0))                   (4.80) 

The term x is the coordinate describing compression, in our case it would be the 
vertical displacement of knee 𝑦t1

. Damping coefficient h will be derived as: 

ℎ = 𝑐
2𝑚𝜔0

     →       𝑐 = 2𝑚𝜔0 · ℎ   →     𝑐 = 2𝑘
𝜔0

ℎ         (4.81) 

Where 𝜔0 = √𝑘/𝑚 is natural frequency. We can re-arrange the equation as: 

𝑅t1
(𝑡) = 𝑘(𝑥(𝑡)) · [(𝑥(𝑡) − 𝑥(𝑡0)) + 2ℎ

𝜔0
𝑥(̇𝑡)]            (4.82) 

We need now a way to define the non-linear equivalent spring coefficient of the 
airbag. The paper of Gavrilosky et al. [12] describes the usual approach to model 
the dynamic behavior of an air spring element. We start by the definition of the 
force transmitted by the airbag which is the product of internal pressure and 
contact surface: 

𝐹 (𝑥) = 𝑝(𝑥)𝐴(𝑥)                                  (4.83) 
Both the parameters are a function of penetration	x. The equivalent spring 
coefficient can be obtained by differentiating the force with respect to 
displacement. 

𝑘(𝑥) = 𝑑𝐹
𝑑𝑥 = 𝑑𝑝

𝑑𝑥 𝐴(𝑥) + 𝑝(𝑥) 𝑑𝐴
𝑑𝑥                        (4.84) 

The pressure can be approximately described by the perfect gasses law: 

𝑝(𝑥) = 𝑚𝑅𝑇
𝑉 (𝑥)                                    (4.85) 
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Note that since there is no ventilation the mass is constant. The process can be 
approximated as isothermal so 𝑇  is constant too. The only varying term is the 
volume. 

𝑘(𝑥) = 𝑑𝐹
𝑑𝑥 = (− 𝑚𝑅𝑇

𝑉 2(𝑥)
𝑑𝑉
𝑑𝑥) 𝐴(𝑥) + ( 𝑚𝑅𝑇

𝑉 (𝑥)) 𝑑𝐴
𝑑𝑥 

= 𝑚𝑅𝑇
𝑉 (𝑥) (𝑑𝐴

𝑑𝑥 − 1
𝑉 (𝑥)

𝑑𝑉
𝑑𝑥 𝐴(𝑥))                    (4.86) 

We need a way to describe the variation of area and volume with respect to level 
of compression of the airbag. A proper modeling would involve experimental 
testing or FEM analysis of the airbag. These approaches are left as future work. 

We will derive a model based on considerations about the material nature and 
the results of experiments. Simple compression tests are realized on the airbag 
and slow-motion videos are studied. The conclusion is that the airbag reaches a 
maximum compression of about 3-3.5 cm (on a height of 4 cm) but then further 
deformations are really difficult to be obtained and this is due to the non-linear 
nature of rubber stiffness. 

 
Figure 4.24 - Uncompressed configuration (Left) - Maximum compression (Right) 

In fact, in papers related to the modelization of air balloons [13], we can observe 
that the non-linear behaviour of the rubber elasticity deeply influences the 
deformation of air-volume. It is common knowledge that if ones try to inflate a 
rubber balloon, it is difficult at the beginning, then after a certain threshold-
strain, it becomes easier. It returns difficult when the balloon reaches maximum 
deformation.  
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This is the reason why during tests the airbag always tended to deform only up 
to the maximum value of ∆xmax = 3,5 𝑐𝑚. We make the assumption that the 
equivalent spring coefficient of the airbag is deeply influenced by the nature of 
the material and therefore it has a sigmoidal shape.   

To obtain such a behaviour we use sigmoidal curves to describe variation of 
contact surface and volume (Fig. 4.25 – 4.26). Starting with volume we write: 

𝑉 (𝑥) = 𝑉0 − (𝑉0 − 𝑉,)0) 𝑒∆m̃

𝑒∆m̃ + 1 = 𝑉0 (1 − 𝑒∆m̃

𝑒∆m̃ + 1) + 𝑉,)0
𝑒∆m̃

𝑒∆m̃ + 1 

= 𝑉0 + 𝑉,)0𝑒∆m̃

𝑒∆m̃ + 1 = (𝑚𝑅𝑇
𝑝&

)
1 + 𝑝0𝑝,.m

𝑒∆m̃

𝑒∆m̃ + 1 = 𝑉0
𝑘-𝑒∆m̃ + 1
𝑒∆m̃ + 1         (4.87) 

Where 𝑘- = 𝑝0/𝑝,.m. While for area we can write: 

𝐴(𝑥) = 𝐴,.m
𝑒∆m̃

𝑒∆m̃ + 1                           (4.88) 

For the definition of the parameters we consider as initial case the airbag in the 
dome shape with a height equal to the radius (it is half of a sphere.) 

𝑉0 = 2
3 𝜋𝑅3 = 1,34 · 10−4 𝑚3                        (4.89) 

Pressure is measured through a manometer and it is: 
𝑝0 ≈ 140 𝑘𝑃𝑎                                   (4.90) 

As maximum compression volume we consider the shape in figure 4.24. The 
volume can be approximated by a cylinder of radius slightly larger than the 
base of the airbag and a height of 𝑅 − ∆xmax = 0,5 𝑐𝑚. 

𝑉,)0 = 𝜋(1,2 · 𝑅)2 · 0,5 = 3,62 · 10−5 𝑚3                 (4.91) 
Approximating the transformation as isothermal we can calculate the 
maximum pressure as: 

𝑝,.m = 𝑝0𝑉0
𝑉,)0

= 544 𝑘𝑃𝑎     →       𝑘- = 𝑝0
𝑝,.m

= 140
544 = 0,265      (4.92) 

Regarding the term ∆𝑥, some considerations must be done. This term is defined 
as it follows. 

Δ𝑥̃ = (∆𝑥) − Δ𝑥,.m
Δ𝑥,.m

10
                             (4.93) 

The compression is defined as the difference between the initial length and the 
actual value which in our case are respectively radius 𝑅 and vertical absolute 
position of contact point: 

∆𝑥 = 𝑙0 − 𝑥 = 𝑅 − 𝑦t1
                           (4.94) 

This term is then compared and scaled with the respect to the maximum 
compression Δ𝑥,.m = 0.035 𝑚. This is done so that the sigmoidal shape will get 
equal to 1 when we reach maximum compression.  
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The resulting volume and area functions are: 

 
Figure 4.25 - Contact Area - Sigmoidal curve model 

 
Figure 4.26 - Airbag Volume - Sigmoidal curve model 

Evaluating the derivatives: 

𝑑𝑉
𝑑𝑥 = 𝑉0

10𝑘-
Δ𝑥,.m

𝑒∆m(𝑒∆m + 1) − 10
Δ𝑥,.m

𝑒∆m(1 + 𝑘-𝑒∆m)

(𝑒∆m + 1)2  

= ( 10𝑉0
Δ𝑥,.m

) 𝑒∆m 𝑘- − 1
(𝑒∆m + 1)2 = 𝑉0̃𝑒∆m 𝑘- − 1

(𝑒∆m + 1)2              (4.95) 

𝑑𝐴
𝑑𝑥 = 𝐴,.m

10
Δ𝑥,.m

𝑒∆m(𝑒∆m + 1) − 10
Δ𝑥,.m

𝑒2∆m

(𝑒∆m + 1)2 = (10𝐴,.m
Δ𝑥,.m

) 𝑒∆m

(𝑒∆m + 1)2 

= 𝐴,̃.m
(𝑒∆m + 1)2                                                         (4.96) 
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Substituting in the definition of the equivalent spring coefficient we obtain the 
curve in Figure 4.27. Note that this shape for the spring coefficient is typical for 
describing the non-linear elasticity of rubber: 

 
Figure 4.27 - Non-linear equivalent Spring coefficient. 

Integration of equations of motion 

We write the force equilibria for the case of impact. 

∑ 𝐹m
)

= 𝐹)0,m + 𝑅t0,m + 𝑐��)/%)&0𝑘(𝑦(𝑡)) [(𝑦(𝑡) − 𝑦(𝑡0)) + 2ℎ
𝜔0

𝑦(̇𝑡)] = 0     (4.97) 

∑ 𝐹f
)

= −𝑚𝑔 − 𝐹)0,f + 𝑅t0,f + 𝑘(𝑦(𝑡)) · [(𝑦(𝑡) − 𝑦(𝑡0)) + 2ℎ
𝜔0

𝑦(̇𝑡)] = 0   (4.98) 

∑ 𝑀t0
)

= −𝐼ff,tuv𝜗0̈ + 𝑘(𝑦(𝑡)) · [(𝑦(𝑡) − 𝑦(𝑡0)) + 2ℎ
𝜔0

𝑦(̇𝑡)] 𝐶0𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 

−𝑚 · 𝑎ẗÀÁÂ
+ 𝑚𝑔 · 𝐶0𝐶tuv

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ cos(𝜗0) = 0                    (4.99) 

In particular from the second we can write that: 
𝑅t0,f = 𝑚𝑔 + 𝐹)0,f − 𝑅t1,f > 0                     (4.100) 

This condition is the one that describes the change of center of rotation. We 
distinguish two cases: 

• Rotation is not continuing after the impact: like in the case of impact 
on elbows. This condition does not involve a clear change in the center of 
rotation; therefore, we will use the framework of equations of the free-fall 
adding the impact force. 

• Rotation is continuing after the impact: like in the case of impact on 
knees and butt. This condition involves the change of center of rotation and 
a different set of equations. 



Chapter 4: Modelization of the Fall 

 

97 

97 

a. Rotation is not continuing after the impact: 
We calculate the moment equilibrium around center of rotation 0. Since we can 
calculate it easily through our static model, we will use the total inertia around 
center of rotation: 

∑ 𝑀t0
)

= −𝐼ff,0𝜗0̈ + 𝑘(∆𝑦(𝑡)) · [∆𝑦(𝑡) + 2ℎ
𝜔0

∆𝑦(̇𝑡)] 𝐶0𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 

+𝑚𝑔 · 𝐶0𝐶tuv
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ cos(𝜗0) = 0                                 (4.101) 

We define the following quantities: 

∆𝑦 = 𝑦t1,),- − 𝑦t1
(𝑡)              ∆𝑦̇ = 𝑦ṫ1

 

In other words, the compression is defined as the difference between the vertical 
position of first contact point at impact 𝑦t1,),- and during time 𝑦t1

(𝑡). Since 
there’s no change of rotation, the vertical position of contact point is a function 
of the angular coordinate 𝜗0,t1

= 𝜗0: 

  𝑦t1
= 𝐶0𝐶1̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ sin(𝜗0)                   𝑦�̇�1

= 𝐶0𝐶1̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅𝜗0̇ 

The angular coordinate of contact point can be calculated using the equation 4.42 
as a function of the free coordinate which is chosen as the angular position of 
COM with respect to center of rotation: 

𝜗0,t1
(𝑡) = 𝜗0(𝑡) + 𝛼tÀÁÂ,0                      (4.102) 

Substituting we get: 

−𝐼t0
𝜗0̈ + 𝐶0𝐶1

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅2𝑘(𝜗0(𝑡)) (𝑦t1,),- − sin(𝜗0(𝑡) + 𝛼tÀÁÂ,0) + 2ℎ
𝜔0

𝜗0̇(𝑡)) + 

−𝑚𝑔𝐶0𝐶tuv
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ cos(𝜗0,tuv) = 0                                                  (4.103) 

We can write then:	

𝜗0̈ = 1
𝐼t0

(𝐶0𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅2𝑘 (𝜗0(𝑡)) (𝑦t1,),- − sin(𝜗0(𝑡) + 𝛼tÀÁÂ,0) + 2ℎ

𝜔0
𝜗0̇(𝑡))

− 𝑚𝑔𝐶0𝐶tuv
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ cos(𝜗0(𝑡)))                                         (4.104) 

This is the equation of the dynamics of the system whenever there is not a 
change of center of rotation.  
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b. Rotation is continuing: 
Since there is a change of center of rotation, we calculate the vertical and the 
torque equilibrium around contact point. We observe that now we have 2 degrees 
of freedom: vertical movement of contact point and rotation around it. 

𝜗1 = 𝜗tuv,1             𝑦 = 𝑦t1
 

The vertical movement of contact point will be obtained from the vertical force 
equilibrium equation while the rotation will be obtained by equilibrium of torque.  

The definition of ∆𝑦 has changed with respect to previous case: 

∆𝑦 = 𝑦t1,),- − 𝑦(𝑡)              ∆𝑦̇ = 𝑦 ̇

Re-arranging equation of torque equilibrium we can write: 

(𝐼tuv + 𝑚𝐶1𝐶tuv
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅2) 𝜗1̈ = −𝑚(𝑔 + 𝑦ẗ1,f)𝐶1𝐶tuv

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ cos(𝜗1,tuv) (4.106) 

Note that the terms in the brackets that multiply the angular acceleration are 
equivalent to the inertia of rotation 𝐼t1

 around contact point.  

We can then write: 

𝜗1̈ = −
𝑚(𝑔 + 𝑦(̈𝑡))𝐶1𝐶tuv

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ cos(𝜗1(𝑡))
𝐼t1

              (4.107) 

Re-arranging equation of vertical equilibrium: 

𝐹)0,f = 𝑚𝑎t1,f = 𝑅t1,f − 𝑚𝑔                     (4.108) 

Using the accelerations calculated in equation 4.57: 

𝑚 (𝑦(̈𝑡) + 𝜗1̈(𝑡)𝐶tuv𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ cos(𝜗1(𝑡)) − (𝜗1̇(𝑡))

2
𝐶tuv𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ sin(𝜗1(𝑡)))             

= 𝑘(𝑦(𝑡)) (𝑦t1,0 − 𝑦(𝑡) + 2ℎ
𝜔0

𝑦(̇𝑡)) − 𝑚𝑔              (4.109) 

We substitute equation 4.107 into 4.109 and we divide everything by mass m:  

(𝑦(̈𝑡) −
𝑚(𝑔 + 𝑦(̈𝑡))𝐶1𝐶tuv

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅2 cos2(𝜗1(𝑡))
𝐼t1

− (𝜗1̇(𝑡))
2

𝐶tuv𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ sin(𝜗1(𝑡))) 

=
𝑘(𝑦(𝑡))

𝑚 (𝑦t1,0 − 𝑦(𝑡) + 2ℎ
𝜔0

𝑦(̇𝑡)) − 𝑔                (4.110) 

Re-arranging the equation: 

𝑦(̈𝑡)(
𝐼t1

− 𝑚𝐶1𝐶tuv
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅2 cos2(𝜗1(𝑡))

𝐼t1

) =
𝑘(𝑦(𝑡))

𝑚 (𝑦t1,0 − 𝑦(𝑡) + 2ℎ
𝜔0

𝑦(̇𝑡)) +    
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+𝑔 (
𝑚𝐶1𝐶tuv

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅2 cos2(𝜗1(𝑡))
𝐼t1

− 1) + (𝜗1̇(𝑡))
2

𝐶tuv𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ sin(𝜗1(𝑡))    (4.111) 

We obtain then the expression of vertical acceleration: 

𝑦̈ =
𝐼t1

𝐼t1
− 𝑚𝐶1𝐶tuv

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅2 cos2(𝜗1(𝑡))
(

𝑘(𝑦(𝑡))
𝑚 (𝑦t1,0 − 𝑦(𝑡) + 2ℎ

𝜔0
𝑦(̇𝑡))     

+ (𝜗1̇(𝑡))
2

𝐶tuv𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ sin(𝜗1(𝑡))) − 𝑔                             (4.112) 

We substitute 4.112 into 4.107 and we obtain the final expression of angular 
acceleration: 

𝜗1̈ = −
𝑚𝐶1𝐶tuv

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ cos(𝜗1(𝑡))

𝐼t1
− 𝑚𝐶1𝐶tuv

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅2 cos2(𝜗1(𝑡))
(

𝑘(𝑦(𝑡))
𝑚 (𝑦t1,0 − 𝑦(𝑡) + 2ℎ

𝜔0
𝑦(̇𝑡))

+ (𝜗1̇(𝑡))
2

𝐶tuv𝐶1
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ sin(𝜗1(𝑡)))                                  (4.113) 

To integrate these equations, we can use the state space realization. We define: 

𝒒 =

⎩{
{⎨
{{
⎧ 𝑦̇

𝑦
𝜗1̇
𝜗1⎭}

}⎬
}}
⎫

      →         𝒒 ̇ = 𝑓(𝒒)                    (4.114) 

Results 
Combining the two models above with the history of free fall we are able to 
estimate the whole history of fall. We consider as an example again a front fall in 
squatting position and we obtain the time history of absolute acceleration of COM 
during fall: 

 
Figure 4.28 - Example of result of the dynamic model.  
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4.5.3. Comparison of models with respect to measurements. 
The two approaches seen in the previous sections have been solved in the case of 
a front fall and then compared with the measured absolute acceleration of COM 
in the same configuration: 

 
Figure 4.29 - Comparison of analytical models with a measurement sample - Front Fall 

Squatting with airbags. 

We can clearly see that both models have limitations. 

•  ‘Kinematic’ model: based on the simple assumption of the change of 
velocity is able to better describe the impact on the knees but then misses 
both the time for second impact and the estimation of peak for the impact 
on the elbows.  

• ‘Dynamic’ model: created with the modelization of the contact, 
overestimates the first impact but then is able to match approximately the 
time for second impact and the peak.  

We conclude saying that a better modelization lead to a better description as we 
expected, but this approach lacks generality because we are forced to empirically 
estimate damping coefficient h4 and a better modelization of the airbag 
characteristics represents the right path to follow for future work.  

                                       
4 which is set as ℎ =

√
2 in Fig.4.29 
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 Future Work 
In this chapter we address all the possible evolutions of the project. Some of 
them were initially explored as part of this thesis, but they were not completed 
(and therefore not included in this document) due to the time limit for the 
development of the thesis. 

These potential developments include: 

• Better modelization of airbag. 
• Inflation control strategy. 
• Airbag design improved for deflation. 
• Portable compressed air system for Humanoid Robots. 

 Better modelization of the airbag. 
The modelization of airbag can be improved in two ways: 

a. Analytically: taking advantage of FEM simulations. The problem of such an 
approach would be represented by the difficulty of creating a dynamic model able 
to describe the contact between the airbag and the floor and the behavior of the 
gas inside the bag. This approach has already been used ( [14], [15]) and 
commercial software are available. Unfortunately, it is focused on modelization of 
car airbags which are quite different from our case. 

 
Figure 5.1 - Modelization of a car airbag through FEM. [16] 

Another issue could arise from the modelling of strong non-linearity of the 
silicon rubber. 

b. Experimentally= experiments would be devoted to the estimation of non-
linear spring coefficient and damping. Spring coefficient could be obtained by 
using a press and gradually increase the level of compression measuring the 
static force. Damping could be evaluated realizing impact tests and studying the 
decrease of peaks of the oscillating response.  
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Figure 5.2 - Drop tower experimental signal taken from [2] 

Another approach would involve the estimation of the function p(x) still with 
this kind of tests. A design of a press/drop tower test bench has already been 
developed with characteristics suited for our objective study: 

 
Figure 5.3 - Drop Tower Test machine - Design proposal 

The machine has two main columns 1 m tall, on which there are rails for the 
rollers of the moving platform. This platform is designed to be loaded with a 
mass up to 50 kg. At the bottom a force plate is realized using load cells. The 
platform position can be also fixed using a screw mechanism.  
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 Inflation control strategy. 
Using an improved model of the airbag, it is possible to obtain laws that have the 
pneumatic parameters and airbag dimensions as input and the accelerations and 
forces as output. Using these elements, we can optimize the design of each group 
of airbags.  

The next step would be inflation planning and control. The idea is to investigate 
whether there is an optimal combination of pneumatic parameters to endure 
different impact conditions. We create a model of the airbag inserting the system 
parameters obtained in the final design into the modelling equations. We consider 
then as: 

a. External input= initial kinematic and inertial conditions. 
b. Controllable input= the mass of air to put inside the airbag. 
c. Output= the force/deceleration transmitted to the robot.  

We then could proceed investigating whether there is an optimal mass of air that 
given a certain fall configuration, minimizes the force transmitted. We run this 
optimization having as constraints: 

• Minimum inflation time= we check whether the source pressure is able to 
guarantee an adequate inflation time with respect to the fall time.  

• Maximum pressure limit= we check whether the maximum pressure inside 
the bag is lower than a certain threshold given by resistance criteria. 

In case it was possible to determine a law for describing this optimal mass of air, 
then we could combine it with the study on dynamics done before and we should 
be able in theory to develop a control strategy that selects the pressure and 
amount of air needed depending on direction of fall and initial configuration of 
robot. 

5.2.1. Pneumatic control unit. 
To apply the results of this study we need a system able to adjust the pressure 
in the airbag. Using as a reference [2] a pneumatic control unit have been 
designed.The goal is to create an experimental apparatus able to implement a 
feedback control on pressure.  

Pneumatic Circuit. 

a. Source: we start from a source of compressed air: generation of high-pressure 
air is obtained from the DLR pneumatic circuit 0-10 bar. For easier control, we 
need a manual pressure control valve.   



Passive Safe Falling of Humanoid Robots 

 

104 

104 

           
Figure 5.4 - Manual pressure regulator (Left) - Manual 3/2 valve (Right) 

We need a safety device. The proposal is to install a 3/2 valve (2) manually 
triggered that can close instantaneously the flow in case of problems. 

b. Control valves: we want a station able to inflate the system, hold the 
pressure and perform deflation. To do so we use a couple of 3/2 solenoid valves: 

 
Figure 5.5 - 3/2 Solenoid Valve. 

c. Measurements: since we want to control the pressure inside the chamber, 
we need a pressure sensor for each station to perform such a measurement: 
pressure sensor with output 0-5V. We also want to have a visual feedback on 
the pressure inside the chamber for quick experiments. We use therefore a 
manometer 0-10bar. 

 
Figure 5.6 - Pressure Sensor (Left) - Manometer (Right) 
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Electronic circuit. 

We could use an Arduino board as controller. Solenoid valves are on/off devices 
which means that if you connect them to power supply voltage they are 
activated, if you disconnect them they are de-activated. This function could be 
realized directly by Arduino, but unfortunately the valves chosen need a 24 
VDC power source. Also the pressure sensor has the same problem.  

The power supply is performed in the following way: 

1. We use a transformer to pass from 220V AC to 24V DC. 

 
Figure 5.7 - 24 V DC power supply. 

2. The power supply and control are performed through a 5V relay card with 4 
channel capable of managing 24V DC: 

 
Figure 5.8 - 4 Channel Relays Board for Arduino. 

3. The board is directly mounted on Arduino. We could use Arduino 
LEONARDO for this application. 
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 Deflation control strategy. 
Using the pressure control system it is possible to implement a deflation control 
strategy. The control strategy is simply a bang-bang control. Fixed a reference 
we connect the airbag to the air source every time the internal pressure is lower 
than the threshold, we connect it to the ambient every time it is higher than 
the limit.  

Deflation is used to maximize the damping and dissipation of energy of the 
airbag. Lee et al. [2] implement such a strategy but point out the limits of the 
approach using valves pointing out the necessity of a larger discharge valve to 
have faster deflation. 

The system could be implemented using pressure relief valves that would 
discharge the air during peaks of pressure related to impacts. The valve consists 
of a spring that is holding the cap exerting a force. The valve opens as soon as 
the internal pressure generates a force higher than the elastic force of the spring. 

 
Figure 5.9 - Pressure relief valve. 

The problem of such valves is that they are manually regulated and thus are 
not controllable by the robot. Starting from the concept of pressure relief valve 
we developed a modified design of the airbag module. The modification consists 
into separating the base into a fixed part and a moving one: 
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Figure 5.10 - Base fixed and moving part (Left) - Base cap and clamper (Right) 

The movement of the central part makes the chamber of the airbag 
communicate directly with the outside maximizing the deflation.  

 
Figure 5.11 - Closed configuration (Left) - Open configuration (Right) 

To control this moving part as if it were a pressure relief valve, we blow air in 
the chamber below regulating the pressure. This will create an equivalent air 
spring whose limit force can be controlled by controlling the pressure in the lower 
chamber. The component has also been 3D printed to better study the design. 

 
Figure 5.12 - 3D Printed prototype of the deflating airbag module. 

The testing of this first prototype and its final implementation is also left as 
future work. 
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 Portable Compressed Air system 
The development of a portable compressed air system would represent the 
conclusion of the project. In fact, such a system could make the humanoid robot 
completely free from any kind of cable5. Taking inspiration from the work of 
Kobayashi [7] we can conclude that the system of compressed air is composed 
by the following units: 

a. Source of HPA: it could be both a micro-compressor and a large HPA tank. 
The benefits of the first are the dimensions, the second would be bigger and 
heavier, but less noisy and power consuming. Note that it could be possible to 
implement both. 

 
Figure 5.13 - HPA tank (Left) - Micro-Compressor (Right) 

b. Air distribution and pressure control unit: this control unit would be 
responsible for the distribution of the air from the main source to the buffer tanks 
placed in proximity of each airbag module6. It would be also responsible for the 
control of the valves of each  

c. HPA buffers: they would be smaller tanks needed to have quick access to 
compressed air for the airbag considered. Studying the performances of the jacket 
and the modules we can observe that only the jacket must have such a tool 
(because of the large volume) while the smaller modules could be directly inflated 
from the main source. 

 
Figure 5.14 - Reusable 12 g Cartridges. 

a. Pressure Control unit: small units of valves would be needed for the 
control of the inflation/deflation of the airbag. This unit must be placed the 
closest possible to the airbag to reduce pressure losses in the pipes. 

                                       
5 Both safety cables and compressed air pipes. 
6 Knee, elbow, butt, jacket, etc. 
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A. Tables of Experimental Results. 
Data collected in this section are organized in the following way. First tables 
with peak values (maximum and minimum) taken from each single sensor are 
presented. Then tables with absolute accelerations are presented. Last, tables 
containing percentage variations are published. The order will be: 
Front Fall – Squatting 

A-1 Without airbags and protections – For each sensor 
A-2 Without airbags and protections – Absolute values 
A-3 Without airbags with protections – For each sensor 
A-4 Without airbags with protections – Absolute values 
A-5 With airbags and protections – For each sensor 
A-6 With airbags and protections – Absolute values 
A-7 Percentage variations – For each sensor 
A-8 Percentage variations – Absolute values 

Front Fall – Standing 
A-9 Without airbags with protections – For each sensor 
A-10 Without airbags with protections – Absolute values 
A-11 With airbags and protections – For each sensor 
A-12 With airbags and protections – Absolute values 
A-13 Percentage variations – For each sensor 
A-14 Percentage variations – Absolute values 

Back Fall – Bending 
A-15 Without airbags with protections – For each sensor 
A-16 Without airbags with protections – Absolute values 
A-17 With airbags and protections – For each sensor 
A-18 With airbags and protections – Absolute values 
A-19 Percentage variations – For each sensor 
A-20 Percentage variations – Absolute values 

Back Fall – Straight 
A-21 Without airbags with protections – For each sensor 
A-22 Without airbags with protections – Absolute values 
A-23 With airbags and protections – For each sensor 
A-24 With airbags and protections – Absolute values 
A-25 Percentage variations – For each sensor 
A-26 Percentage variations – Absolute values 

Lateral Fall 
A-27 For each sensor 
A-28 Absolute values 
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FRONT FALL – SQUATTING – WITHOUT AIRBAGS 
AND PROTECTIONS 

 

Data for each sensor 
 

     N1 N2 MEAN 

FRONT FALL 
SQUATTING 
WITHOUT 
AIRBAGS 
WITHOUT 

PROTECTION 

MAX  
ACCELERATION 

UNFILTERED 

WAIST X 30,2661 36,5210 33,3936 

WAIST Z 56,0289 31,3649 43,6969 

CHEST X 97,3586 122,1225 109,7406 

CHEST Z 30,6529 48,6267 39,6398 

FILTERED 2500 HZ 

WAIST X 30,1283 35,7167 32,9225 

WAIST Z 21,8040 19,3531 20,5786 

CHEST X 71,0962 56,4963 63,7963 

CHEST Z 21,4526 27,2899 24,3713 

FILTERED 100 HZ 

WAIST X 4,4413 4,8745 4,6579 

WAIST Z 11,1429 12,2411 11,6920 

CHEST X 25,7412 26,7360 26,2386 

CHEST Z 13,5478 15,5635 14,5557 

MAX  
DECELERATION 

UNFILTERED 

WAIST X -41,1692 -47,7226 -44,4459 

WAIST Z -74,5363 -36,5217 -55,5290 

CHEST X -89,7564 -84,5898 -87,1731 

CHEST Z -42,5049 -40,5635 -41,5342 

FILTERED 2500 HZ 

WAIST X -36,9390 -49,0919 -43,0155 

WAIST Z -16,2743 -27,2365 -21,7554 

CHEST X -40,5810 -49,0123 -44,7967 

CHEST Z -16,3707 -30,0425 -23,2066 

FILTERED 100 HZ 

WAIST X -15,4586 -17,9581 -16,7084 

WAIST Z -7,7147 -7,0927 -7,4037 

CHEST X -2,8467 -10,1523 -6,4995 

CHEST Z -6,8529 -10,7536 -8,8033 

Table A-1 – Results for each sensor FK2AH45E1A0P0 

Absolute acceleration 
 

     N1 N2 MEAN 

FRONT FALL 
SQUATTING 
WITHOUT 
AIRBAGS 
WITHOUT 

PROTECTION 

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS 75,3060 51,5671 63,4366 

CHEST ABS 100,2524 122,4729 111,3627 

FILTERED 2500 HZ 
WAIST ABS 47,1910 49,4513 48,3212 

CHEST ABS 74,3626 62,6198 68,4912 

FILTERED 100 HZ 
WAIST ABS 23,8977 24,2498 24,0738 

CHEST ABS 32,8905 36,9603 34,9254 

Table A-2 - Absolute Acceleration FK2AH45E1A0P0  



Tables of Experimental Results 

 

111 

111 

FRONT FALL – SQUATTING – WITHOUT AIRBAGS 
AND WITH PROTECTIONS 

 

Data for each sensor 
        

     N1 N2 N3 MEAN 

FRONT FALL 
SQUATTING 
WITHOUT 
AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 

WAIST X 16,3286 10,2664 14,2075 13,6008 

WAIST Z 42,8644 17,2108 15,1687 25,0813 

CHEST X 108,6677 156,5772 119,5815 128,2755 

CHEST Z 89,7466   37,0657 63,4062 

FILTERED 2500 HZ 

WAIST X 14,5637 9,0158 13,5670 12,3822 

WAIST Z 19,2646 6,7180 10,5418 12,1748 

CHEST X 84,6229 109,1556 70,8319 88,2035 

CHEST Z 29,2470   30,6000 29,9235 

FILTERED 100 HZ 

WAIST X 8,0236 4,0458 4,8499 5,6398 

WAIST Z 9,2675 3,8938 5,8494 6,3369 

CHEST X 26,2357 30,9493 57,0111 38,0654 

CHEST Z 7,0604   5,8971 6,4788 

MAX  
DECELERATION 

UNFILTERED 

WAIST X -70,8772 -27,0073 -32,3024 -43,3956 

WAIST Z -49,8252 -26,6822 -30,8703 -35,7926 

CHEST X -82,5883 -50,9001 -68,7040 -67,3975 

CHEST Z -35,2539   -37,1198 -36,1869 

FILTERED 2500 HZ 

WAIST X -69,5498 -27,7323 -30,9584 -42,7468 

WAIST Z -34,7579 -16,9858 -28,9917 -26,9118 

CHEST X -27,7784 -27,2722 -21,1630 -25,4045 

CHEST Z -20,0075   -32,9119 -26,4597 

FILTERED 100 HZ 

WAIST X -37,2352 -12,9602 -14,0061 -21,4005 

WAIST Z -21,0266 -9,4299 -10,7412 -13,7326 

CHEST X -1,8546 -6,6302 -6,0911 -4,8586 

CHEST Z -5,0192   -12,0051 -8,5122 

Table A-3 – Results for each sensor FK2AH45E1A0 

Absolute acceleration 
 

     N1 N2 N3 MEAN 

FRONT FALL 
SQUATTING 
WITHOUT 
AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS 38,6322 30,0374 32,4553 33,7083 

CHEST ABS 220,0177   119,9718 169,9948 

FILTERED 2500 HZ 
WAIST ABS 36,9851 28,1722 33,2222 32,7932 

CHEST ABS 170,6292   75,1718 122,9005 

FILTERED 100 HZ 
WAIST ABS 21,9396 15,6583 17,5401 18,3793 

CHEST ABS 82,8484   61,5433 72,1959 

Table A-4 – Absolute acceleration FK2AH45E1A0  
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FRONT FALL – SQUATTING – WITH AIRBAGS AND 
WITH PROTECTIONS 

 

Data for each sensor 
 

     N1 N2 N3 N4 N5 MEAN 

FRONT FALL 
SQUATTING 

WITH 
AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 

WAIST X 141,3730 28,2393 78,2704 22,0479 82,4414 70,4744 

WAIST Z 91,3552 62,1492 129,3995 21,5769 114,5845 83,8131 

CHEST X 66,5029 136,1812 107,3366 268,6783 122,1353 140,1669 

CHEST Z 32,7619 51,8798 56,0985 60,8683 269,5299 94,2277 

FILTERED  
2500 HZ 

WAIST X 15,4054 14,1367 13,7931 20,9670 10,1437 14,8892 

WAIST Z 16,7853 10,2323 18,8285 12,0269 12,4150 14,0576 

CHEST X 38,3429 61,0174 64,8826 145,2861 95,1242 80,9306 

CHEST Z 20,6621 47,8378 28,1720 23,7043 55,7869 35,2326 

FILTERED  
100 HZ 

WAIST X 3,2595 3,4143 7,0208 9,6963 5,0462 5,6874 

WAIST Z 3,1289 2,7376 3,9155 5,3987 3,5207 3,7403 

CHEST X 20,8877 21,7517 21,4842 24,7662 21,9956 22,1771 

CHEST Z 5,3388 7,7323 6,0393 6,2604 5,6013 6,1944 

MAX  
DECELERATION 

UNFILTERED 

WAIST X -309,9315 -50,9395 -181,8145 -26,8000 -170,1028 -147,9177 

WAIST Z -329,8652 -173,4486 -361,9334 -21,1322 -320,2890 -241,3337 

CHEST X -47,8573 -112,5766 -46,3629 -126,7944 -96,9846 -86,1152 

CHEST Z -61,4218 -52,2150 -43,0968 -73,2834 -59,3089 -57,8652 

FILTERED  
2500 HZ 

WAIST X -46,4384 -21,2426 -28,6172 -25,7638 -27,0479 -29,8220 

WAIST Z -61,5009 -32,5645 -69,4627 -11,8195 -61,3660 -47,3427 

CHEST X -16,3918 -29,3817 -33,9271 -50,5323 -75,5700 -41,1606 

CHEST Z -20,9283 -38,3433 -37,7018 -43,2356 -42,3244 -36,5067 

FILTERED  
100 HZ 

WAIST X -15,5385 -10,2993 -17,7522 -14,4186 -9,5446 -13,5106 

WAIST Z -6,1783 -5,1821 -7,8163 -7,1762 -6,1548 -6,5015 

CHEST X -2,4099 -3,7512 -6,1041 -7,0656 -3,2794 -4,5220 

CHEST Z -4,6041 -5,9390 -7,7421 -5,7420 -6,2414 -6,0537 

Table A-5 - Results for each sensor FK2AH45E1A1 

Absolute acceleration 
 

     N1 N2 N3 N4 N5 MEAN 

FRONT FALL 
SQUATTING 

WITH 
AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS 452,6241 176,8110 388,2571 27,3109 362,6569 281,5320 

CHEST ABS 67,5238 138,7804 107,4174 268,6789 269,8134 170,4428 

FILTERED  
2500 HZ 

WAIST ABS 148,3961 57,3728 129,1263 26,3163 114,1270 95,0677 

CHEST ABS 39,2930 86,3508 61,4523 172,1476 94,4691 90,7426 

FILTERED  
100 HZ 

WAIST ABS 17,0954 12,6290 19,5392 16,2614 11,8968 15,4844 

CHEST ABS 23,1188 40,8896 33,9977 43,4405 42,0966 36,7086 

Table A-6 - Absolute Acceleration FK2AH45E1A1  
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FRONT FALL – SQUATTING – PERCENTAGE 
VARIATION  

Data for each Sensor. 
    VARIATION AIRBAGS VARIATION PROTECTIONS VARIATION PROTECTIONS/AIRBAGS 

FRONT FALL 
SQUATTING 

WITH 
AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 

WAIST X 418,16% -59,27% 111,04% 

WAIST Z 234,17% -42,60% 91,81% 

CHEST X 9,27% 16,89% 27,73% 

CHEST Z 48,61% 59,96% 137,71% 

FILTERED 
 2500 HZ 

WAIST X 20,25% -62,39% -54,78% 

WAIST Z 15,46% -40,84% -31,69% 

CHEST X -8,25% 38,26% 26,86% 

CHEST Z 17,74% 22,78% 44,57% 

FILTERED 
 100 HZ 

WAIST X 0,84% 21,08% 22,10% 

WAIST Z -40,98% -45,80% -68,01% 

CHEST X -41,74% 45,07% -15,48% 

CHEST Z -4,39% -55,49% -57,44% 

MAX  
DECELERATION 

UNFILTERED 

WAIST X 240,86% -2,36% 232,80% 

WAIST Z 574,26% -35,54% 334,61% 

CHEST X 27,77% -22,69% -1,21% 

CHEST Z 59,91% -12,87% 39,32% 

FILTERED 
 2500 HZ 

WAIST X -30,24% -0,62% -30,67% 

WAIST Z 75,92% 23,70% 117,61% 

CHEST X 62,02% -43,29% -8,12% 

CHEST Z 37,97% 14,02% 57,31% 

FILTERED 
 100 HZ 

WAIST X -36,87% 28,08% -19,14% 

WAIST Z -52,66% 85,48% -12,19% 

CHEST X -6,93% -25,25% -30,42% 

CHEST Z -28,88% -3,31% -31,23% 

Table A-7 - Percentage variation for each sensor - Front Fall - Squatting 

Absolute acceleration 
    VARIATION AIRBAGS VARIATION PROTECTIONS VARIATION PROTECTIONS/AIRBAGS 

FRONT FALL 
SQUATTING 

WITH 
AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS 735,20% -46,86% 343,80% 

CHEST ABS 0,26% 52,65% 53,05% 

FILTERED 
 2500 HZ 

WAIST ABS 189,90% -32,13% 96,74% 

CHEST ABS -26,17% 79,44% 32,49% 

FILTERED 
 100 HZ 

WAIST ABS -15,75% -23,65% -35,68% 

CHEST ABS -49,15% 106,71% 5,11% 

Table A-8 - Percentage variation Absolute acceleration - Front Fall - Squatting 
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FRONT FALL – STANDING – WITHOUT AIRBAG  

Data for each Sensor. 
     N1 N2 MEAN 

FRONT FALL 
STANDING 
WITHOUT 
AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 

WAIST X 16,3446 29,8045 23,0746 

WAIST Z 40,5100 61,3417 50,9259 

CHEST X 283,6249 258,4965 271,0607 

CHEST Z 121,5869 362,2451 241,9160 

FILTERED 2500 HZ 

WAIST X 15,2707 24,4745 19,8726 

WAIST Z 16,9044 18,9456 17,9250 

CHEST X 122,6132 137,5236 130,0684 

CHEST Z 96,9024 158,6833 127,7929 

FILTERED 100 HZ 

WAIST X 4,0285 6,0642 5,0464 

WAIST Z 3,6189 3,2084 3,4137 

CHEST X 33,2523 54,6504 43,9514 

CHEST Z 12,0954 24,6172 18,3563 

MAX  
DECELERATION 

UNFILTERED 

WAIST X -36,3891 -51,9731 -44,1811 

WAIST Z -30,8692 -46,7432 -38,8062 

CHEST X -265,2960 -157,4586 -211,3773 

CHEST Z -143,0701 -152,4463 -147,7582 

FILTERED 2500 HZ 

WAIST X -32,5739 -49,7292 -41,1516 

WAIST Z -18,6623 -16,3706 -17,5165 

CHEST X -137,0725 -77,8252 -107,4489 

CHEST Z -61,9032 -95,9875 -78,9454 

FILTERED 100 HZ 

WAIST X -15,3581 -16,2583 -15,8082 

WAIST Z -5,9539 -4,5109 -5,2324 

CHEST X -3,4517 -11,8611 -7,6564 

CHEST Z -6,9367 -8,2422 -7,5895 

Table A-9 - Results for each sensor FK1AH22E1A0 

Absolute acceleration 
     N1 N2 MEAN 

FRONT FALL 
STANDING 
WITHOUT 
AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS 48,0092 68,1991 58,1042 

CHEST ABS 284,2262 364,0526 324,1394 

FILTERED 2500 HZ 
WAIST ABS 34,8206 54,4240 44,6223 

CHEST ABS 207,1906 204,6567 205,9237 

FILTERED 100 HZ 
WAIST ABS 21,1475 27,1154 24,1315 

CHEST ABS 68,3529 111,0482 89,7006 

Table A-10 - Absolute Acceleration FK1AH22E1A0 
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FRONT FALL – STANDING – WITH AIRBAG  

Data for each Sensor. 
     N1 N2 MEAN 

FRONT FALL 
STANDING 

WITH AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 

WAIST X 10,9967 13,8966 12,4467 

WAIST Z 13,2696 32,4423 22,8560 

CHEST X 92,0482 47,4053 69,7268 

CHEST Z 18,8441 22,9043 20,8742 

FILTERED 2500 HZ 

WAIST X 10,6869 7,4947 9,0908 

WAIST Z 6,5471 7,5243 7,0357 

CHEST X 53,2345 42,0724 47,6535 

CHEST Z 17,6006 21,3099 19,4553 

FILTERED 100 HZ 

WAIST X 5,1607 4,8393 5,0000 

WAIST Z 3,1500 3,8016 3,4758 

CHEST X 26,3696 31,0030 28,6863 

CHEST Z 6,6817 4,9385 5,8101 

MAX  
DECELERATION 

UNFILTERED 

WAIST X -28,6849 -27,6281 -28,1565 

WAIST Z -21,1424 -49,4175 -35,2800 

CHEST X -50,6959 -21,6279 -36,1619 

CHEST Z -25,8982 -19,2687 -22,5835 

FILTERED 2500 HZ 

WAIST X -28,1718 -27,2714 -27,7216 

WAIST Z -10,6540 -9,3254 -9,9897 

CHEST X -21,6363 -15,9418 -18,7891 

CHEST Z -17,9411 -19,0474 -18,4943 

FILTERED 100 HZ 

WAIST X -17,8830 -19,5154 -18,6992 

WAIST Z -6,5473 -7,5050 -7,0262 

CHEST X -3,5732 -3,0618 -3,3175 

CHEST Z -5,5659 -5,5582 -5,5621 

Table A-11 - Results for each sensor FK1AH22E1A1 

Absolute acceleration 
     N1 N2 MEAN 

FRONT FALL 
STANDING 

WITH AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS 32,1690 49,4175 40,7933 

CHEST ABS 92,8533 48,4478 70,6506 

FILTERED 2500 HZ 
WAIST ABS 28,6943 27,3854 28,0399 

CHEST ABS 54,7815 46,6870 50,7343 

FILTERED 100 HZ 
WAIST ABS 19,5300 20,1085 19,8193 

CHEST ABS 28,8718 33,1679 31,0199 

Table A-12 - Absolute Acceleration FK1AH22E1A1 
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FRONT FALL – STANDING – PERCENTAGE 
VARIATION  

Data for each Sensor. 
    VARIATION 

FRONT FALL STANDING 
WITH AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 

WAIST X -46,06% 

WAIST Z -55,12% 

CHEST X -74,28% 

CHEST Z -91,37% 

FILTERED 2500 HZ 

WAIST X -54,25% 

WAIST Z -60,75% 

CHEST X -63,36% 

CHEST Z -84,78% 

FILTERED 100 HZ 

WAIST X -0,92% 

WAIST Z 1,82% 

CHEST X -34,73% 

CHEST Z -68,35% 

MAX  
DECELERATION 

UNFILTERED 

WAIST X -36,27% 

WAIST Z -9,09% 

CHEST X -82,89% 

CHEST Z -84,72% 

FILTERED 2500 HZ 

WAIST X -32,64% 

WAIST Z -42,97% 

CHEST X -82,51% 

CHEST Z -76,57% 

FILTERED 100 HZ 

WAIST X 18,29% 

WAIST Z 34,28% 

CHEST X -56,67% 

CHEST Z -26,71% 

Table A-13 - Percentage variation for each sensor - Front Fall - Standing 

Absolute acceleration 
    VARIATION 

FRONT FALL STANDING 
WITH AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS -29,79% 

CHEST ABS -78,20% 

FILTERED 2500 HZ 
WAIST ABS -37,16% 

CHEST ABS -75,36% 

FILTERED 100 HZ 
WAIST ABS -17,87% 

CHEST ABS -65,42% 

Table A-14 - Percentage variation Absolute acceleration - Front Fall - Standing 
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BACK FALL – BENDING – WITHOUT AIRBAG  

Data for each Sensor. 
     N1 N2 MEAN 

BACK FALL 
BENDING 
WITHOUT 
AIRBAGS  

MAX  
ACCELERATION 

UNFILTERED 

WAIST X 87,5491 88,2107 87,8799 

WAIST Z 89,2235 93,0311 91,1273 

CHEST X 110,5954 154,9425 132,7690 

CHEST Z 74,6193 135,3951 105,0072 

FILTERED 2500 HZ 

WAIST X 89,1346 87,5986 88,3666 

WAIST Z 72,0636 65,8373 68,9505 

CHEST X 58,1452 100,5801 79,3627 

CHEST Z 58,3303 49,9783 54,1543 

FILTERED 100 HZ 

WAIST X 42,5930 42,0052 42,2991 

WAIST Z 44,3768 41,6534 43,0151 

CHEST X 30,3845 27,5161 28,9503 

CHEST Z 34,6017 28,4399 31,5208 

MAX  
DECELERATION 

UNFILTERED 

WAIST X -71,6822 -61,4140 -66,5481 

WAIST Z -31,0051 -29,7914 -30,3983 

CHEST X -160,6781 -175,6880 -168,1831 

CHEST Z -68,7885 -43,7297 -56,2591 

FILTERED 2500 HZ 

WAIST X -70,5465 -60,2218 -65,3842 

WAIST Z -18,7885 -19,2166 -19,0026 

CHEST X -119,3195 -138,7849 -129,0522 

CHEST Z -38,9059 -40,9423 -39,9241 

FILTERED 100 HZ 

WAIST X -8,2640 -7,6694 -7,9667 

WAIST Z -13,5924 -10,8274 -12,2099 

CHEST X -56,3191 -52,7894 -54,5543 

CHEST Z -15,1503 -13,3274 -14,2389 

Table A-15 - Results for each sensor BK2AH90E0A0 

Absolute acceleration 
     N1 N2 MEAN 

BACK FALL 
BENDING 
WITHOUT 
AIRBAGS  

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS 102,1366 94,8715 98,5041 

CHEST ABS 160,6983 176,1802 168,4393 

FILTERED 2500 HZ 
WAIST ABS 89,2157 89,0108 89,1133 

CHEST ABS 115,5167 138,4160 126,9664 

FILTERED 100 HZ 
WAIST ABS 68,3867 64,1621 66,2744 

CHEST ABS 76,1279 73,6746 74,9013 

Table A-16 - Absolute Acceleration BK2AH90E0A0 
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BACK FALL – BENDING – WITH AIRBAG  

Data for each Sensor. 
     N1 N2 N3 MEAN 

BACK FALL 
BENDING 

WITH 
AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 

WAIST X 39,1613 73,9468 23,5388 45,5490 

WAIST Z 46,5936 109,8987 27,7372 61,4098 

CHEST X 120,5839 20,2246 72,7909 71,1998 

CHEST Z 54,1597 21,6008 36,1036 37,2880 

FILTERED 2500 HZ 

WAIST X 38,6697 32,2646 22,6947 31,2097 

WAIST Z 36,5575 18,6910 22,2870 25,8452 

CHEST X 69,0524 15,0667 32,7435 38,9542 

CHEST Z 46,5149 20,6999 21,8739 29,6962 

FILTERED 100 HZ 

WAIST X 17,9787 13,5177 16,4562 15,9842 

WAIST Z 23,0327 13,4031 20,3465 18,9274 

CHEST X 11,7964 6,4761 5,3710 7,8812 

CHEST Z 18,7710 9,7311 10,3468 12,9496 

MAX  
DECELERATION 

UNFILTERED 

WAIST X -25,8560 -33,9415 -12,5395 -24,1123 

WAIST Z -37,7537 -160,6073 -20,3227 -72,8946 

CHEST X -109,8178 -41,1133 -80,3275 -77,0862 

CHEST Z -35,4507 -18,2031 -24,1880 -25,9473 

FILTERED 2500 HZ 

WAIST X -24,0242 -29,5724 -12,1483 -21,9150 

WAIST Z -17,8890 -24,2556 -15,7721 -19,3056 

CHEST X -81,7778 -37,2214 -51,4933 -56,8308 

CHEST Z -30,7538 -16,0791 -22,1396 -22,9908 

FILTERED 100 HZ 

WAIST X -6,5048 -3,4983 -4,0323 -4,6785 

WAIST Z -9,2221 -6,5875 -10,2424 -8,6840 

CHEST X -32,2012 -23,7901 -33,5788 -29,8567 

CHEST Z -7,8119 -7,4440 -13,5653 -9,6071 

Table A-17 - Results for each sensor BK2AH90E0A1 

Absolute acceleration 
     N1 N2 N3 MEAN 

BACK FALL 
BENDING 

WITH 
AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS 46,6070 161,2660 29,3749 79,0826 

CHEST ABS 122,2488 41,3821 80,3597 81,3302 

FILTERED 2500 HZ 
WAIST ABS 40,3989 81,9327 26,1572 49,4963 

CHEST ABS 80,6246 38,5345 57,3054 58,8215 

FILTERED 100 HZ 
WAIST ABS 33,2966 17,2707 22,5020 24,3564 

CHEST ABS 43,7757 25,6405 35,9621 35,1261 

Table A-18 – Absolute Acceleration BK2AH90E0A1 
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BACK FALL – BENDING – PERCENTAGE 
VARIATION  

Data for each Sensor. 
    VARIATIONS 

BACK FALL BENDING 
PERCENTAGE VARIATION 

MAX  
ACCELERATION 

UNFILTERED 

WAIST X -48,17% 

WAIST Z -32,61% 

CHEST X -46,37% 

CHEST Z -64,49% 

FILTERED 2500 HZ 

WAIST X -64,68% 

WAIST Z -62,52% 

CHEST X -50,92% 

CHEST Z -45,16% 

FILTERED 100 HZ 

WAIST X -62,21% 

WAIST Z -56,00% 

CHEST X -72,78% 

CHEST Z -58,92% 

MAX  
DECELERATION 

UNFILTERED 

WAIST X -63,77% 

WAIST Z 139,80% 

CHEST X -54,17% 

CHEST Z -53,88% 

FILTERED 2500 HZ 

WAIST X -66,48% 

WAIST Z 1,59% 

CHEST X -55,96% 

CHEST Z -42,41% 

FILTERED 100 HZ 

WAIST X -41,27% 

WAIST Z -28,88% 

CHEST X -45,27% 

CHEST Z -32,53% 

Table A-19 - Percentage variation for each sensor - Back Fall - Bending 

Absolute acceleration 
    VARIATIONS 

BACK FALL BENDING  
PERCENTAGE VARIATION 

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS -19,72% 

CHEST ABS -51,72% 

FILTERED 2500 HZ 
WAIST ABS -44,46% 

CHEST ABS -53,67% 

FILTERED 100 HZ 
WAIST ABS -63,25% 

CHEST ABS -53,10% 

Table A-20 - Percentage variation Absolute acceleration - Back Fall - Bending 
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BACK FALL – STRAIGHT – WITHOUT AIRBAG  

Data for each Sensor. 
     N1 N2 MEAN 

BACK FALL 
STRAIGHT 
WITHOUT 
AIRBAGS  

MAX  
ACCELERATION 

UNFILTERED 

WAIST X 175,0489 328,3353 251,6921 

WAIST Z 124,5006 189,6870 157,0938 

CHEST X 268,4610   268,4610 

CHEST Z 223,6664   223,6664 

FILTERED 2500 HZ 

WAIST X 167,2824 320,4397 243,8611 

WAIST Z 67,1476 69,6472 68,3974 

CHEST X 155,2156   155,2156 

CHEST Z 75,1088   75,1088 

FILTERED 100 HZ 

WAIST X 73,0698 87,4396 80,2547 

WAIST Z 7,0836 5,6399 6,3618 

CHEST X 39,6355   39,6355 

CHEST Z 9,2297   9,2297 

MAX  
DECELERATION 

UNFILTERED 

WAIST X -74,0930 -415,3555 -244,7243 

WAIST Z -129,8295 -414,0300 -271,9298 

CHEST X -242,9293   -242,9293 

CHEST Z -233,6912   -233,6912 

FILTERED 2500 HZ 

WAIST X -69,6938 -214,3368 -142,0153 

WAIST Z -48,4229 -78,5663 -63,4946 

CHEST X -200,1661   -200,1661 

CHEST Z -64,0672   -64,0672 

FILTERED 100 HZ 

WAIST X -32,5387 -40,0226 -36,2807 

WAIST Z -8,4513 -12,4867 -10,4690 

CHEST X -83,2194   -83,2194 

CHEST Z -17,4434   -17,4434 

Table A-21 - Results for each sensor BK2AH45E0A0 

Absolute acceleration 
     N1 N2 MEAN 

BACK FALL 
STRAIGHT 
WITHOUT 
AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS 202,6459 586,4649 394,5554 

CHEST ABS 283,5115   283,5115 

FILTERED 2500 HZ 
WAIST ABS 181,7552 329,6291 255,6922 

CHEST ABS 201,8475   201,8475 

FILTERED 100 HZ 
WAIST ABS 97,0847 156,8706 126,9777 

CHEST ABS 103,4969   103,4969 

Table A-22 - Absolute acceleration BK2AH45E0A0 
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BACK FALL – STRAIGHT – WITH AIRBAG  

Data for each Sensor. 
     N1 N2 MEAN 

BACK FALL 
STRAIGHT 

WITH AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 

WAIST X 131,6301 154,2441 142,9371 

WAIST Z 96,5008 132,8449 114,6729 

CHEST X 115,1893 107,0670 111,1282 

CHEST Z 172,4130 100,6900 136,5515 

FILTERED 2500 HZ 

WAIST X 127,5480 149,7269 127,5480 

WAIST Z 55,5286 49,6592 55,5286 

CHEST X 45,7863 53,8683 45,7863 

CHEST Z 52,3209 49,9813 52,3209 

FILTERED 100 HZ 

WAIST X 55,0702 51,6719 53,3711 

WAIST Z 20,5940 23,0172 21,8056 

CHEST X 7,5830 4,4161 5,9996 

CHEST Z 20,0408 23,2990 21,6699 

MAX  
DECELERATION 

UNFILTERED 

WAIST X -147,7021 -88,7974 -118,2498 

WAIST Z -46,7467 -98,6463 -72,6965 

CHEST X -120,2591 -98,0974 -109,1783 

CHEST Z -64,8422 -40,2033 -52,5228 

FILTERED 2500 HZ 

WAIST X -141,3944 -83,4538 -112,4241 

WAIST Z -19,5602 -22,7500 -21,1551 

CHEST X -97,0147 -77,4555 -87,2351 

CHEST Z -26,0679 -20,0598 -23,0639 

FILTERED 100 HZ 

WAIST X -12,1220 -7,5486 -9,8353 

WAIST Z -16,0724 -17,9498 -17,0111 

CHEST X -35,3046 -35,1736 -35,2391 

CHEST Z -18,5079 -14,8798 -16,6939 

Table A-23 - Results for each sensor BK2AH45E0A1 

Absolute acceleration 
     N1 N2 MEAN 

BACK FALL 
STRAIGHT 

WITH AIRBAGS 

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS 151,7716 178,1976 164,9846 

CHEST ABS 173,3666 107,2050 140,2858 

FILTERED 2500 HZ 
WAIST ABS 142,2183 158,3993 150,3088 

CHEST ABS 97,6213 79,2635 88,4424 

FILTERED 100 HZ 
WAIST ABS 87,6122 85,4847 86,5485 

CHEST ABS 52,7776 51,7865 52,2821 

Table A-24 - Absolute acceleration BK2AH45E0A1 

 
 
 



Passive Safe Falling of Humanoid Robots 

 

122 

122 

BACK FALL – STRAIGHT – PERCENTAGE 
VARIATION  

Data for each Sensor 
    VARIATIONS 

BACK FALL STRAIGHT 
PERCENTAGE VARIATION 

MAX  
ACCELERATION 

UNFILTERED 

WAIST X -43,21% 

WAIST Z -27,00% 

CHEST X -58,61% 

CHEST Z -38,95% 

FILTERED 2500 HZ 

WAIST X -47,70% 

WAIST Z -18,81% 

CHEST X -70,50% 

CHEST Z -30,34% 

FILTERED 100 HZ 

WAIST X -33,50% 

WAIST Z 242,76% 

CHEST X -84,86% 

CHEST Z 134,78% 

MAX  
DECELERATION 

UNFILTERED 

WAIST X -51,68% 

WAIST Z -73,27% 

CHEST X -55,06% 

CHEST Z -77,52% 

FILTERED 2500 HZ 

WAIST X -20,84% 

WAIST Z -66,68% 

CHEST X -56,42% 

CHEST Z -64,00% 

FILTERED 100 HZ 

WAIST X -72,89% 

WAIST Z 62,49% 

CHEST X -57,66% 

CHEST Z -4,30% 

Table A-25 - Percentage variation for each sensor - Back Fall - Straight 

Absolute acceleration 
    VARIATIONS 

BACK FALL STRAIGHT 
PERCENTAGE VARIATION 

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS -58,18% 

CHEST ABS -50,52% 

FILTERED 2500 HZ 
WAIST ABS -41,21% 

CHEST ABS -56,18% 

FILTERED 100 HZ 
WAIST ABS -31,84% 

CHEST ABS -49,48% 

Table A-26 - Percentage variation absolute acceleration - Back Fall - Straight 
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LATERAL FALL 

Data for each Sensor 
     N1 N2 N3 MEAN 

LATERAL 
FALL  

MAX  
ACCELERATION 

UNFILTERED 

WAIST X 127,7539 16,7937 12,9980 52,5152 

WAIST Z 526,2909 31,7641 22,4866 193,5139 

CHEST X 302,0859 26,9370 37,5916 122,2048 

CHEST Z 72,4608 29,8952 58,9841 53,7800 

FILTERED 2500 HZ 

WAIST X 64,1190 14,3729 11,5529 30,0149 

WAIST Z 28,4944 10,3601 8,0559 15,6368 

CHEST X 200,9130 25,5563 32,3172 86,2622 

CHEST Z 31,6546 27,1145 33,6200 30,7964 

FILTERED 100 HZ 

WAIST X 9,5201 2,6289 7,0173 6,3888 

WAIST Z 2,6554 2,0278 4,5068 3,0633 

CHEST X 9,7555 2,5957 9,2983 7,2165 

CHEST Z 5,3049 7,8616 8,7402 7,3022 

MAX  
DECELERATION 

UNFILTERED 

WAIST X -102,1838 -69,7237 -41,4103 -71,1059 

WAIST Z -494,1471 -70,5492 -29,6609 -198,1191 

CHEST X -275,1112 -28,7595 -62,7476 -122,2061 

CHEST Z -66,1290 -24,7430 -48,9278 -46,5999 

FILTERED 2500 HZ 

WAIST X -36,5482 -18,8874 -40,9985 -32,1447 

WAIST Z -33,1583 -13,5806 -12,3271 -19,6887 

CHEST X -208,7420 -26,4535 -58,4587 -97,8847 

CHEST Z -15,9156 -17,0229 -41,3809 -24,7731 

FILTERED 100 HZ 

WAIST X -2,9839 -10,4738 -35,2762 -16,2446 

WAIST Z -4,4068 -3,8266 -6,9014 -5,0449 

CHEST X -1,9754 -8,6192 -46,6952 -19,0966 

CHEST Z -7,4199 -6,4255 -12,9745 -8,9400 

Table A-27 - Results for each sensor - Lateral Fall 

Absolute acceleration 
     N1 N2 N3 MEAN 

LATERAL 
FALL  

MAX  
ACCELERATION 

UNFILTERED 
WAIST ABS 526,2935 99,1896 42,3536 222,6122 

CHEST ABS 302,2508 36,3771 73,8270 137,4850 

FILTERED 2500 HZ 
WAIST ABS 264,1841 31,0903 41,6871 112,3205 

CHEST ABS 222,6822 33,5230 68,4796 108,2283 

FILTERED 100 HZ 
WAIST ABS 127,3296 10,6280 35,7922 57,9166 

CHEST ABS 48,7738 16,4684 50,3012 38,5145 

Table A-28 - Absolute acceleration - Lateral Fall 
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