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Abstract 

 
Self-balancing is an important role of human body which helps us to stand, to walk or swaying on 

feet. Without balancing, our body may fall because our legged system can’t hold if there is any 

disturbance. In this research, we are going to introduce a model for dynamic balancing by using 

double inverted pendulum (DIP). We have calculated center of gravity (COG) over base support (BS) 

which is known as pivot point (PP) of the body for dynamic balancing. The objective of this research 

is to develop a workable “human-fall-control-system” which will be extremely useful for disable 

personal as it would assist in analysis and studying their motion.  
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Chapter 1 

INTRODUCTION 
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1. Introduction  
 

Walking and standing are common behaviors of people which we preform thousands of time every 

day and everywhere. In normal circumstances, people barely can stand still for a long period of time 

without any kind of external support [1-2]. People take isolated steps to change the position of their 

feet and walk around a bit to help balancing. Human falls connected to the loss of balance are a major 

cause of injury or death for the elderly population and the disable people. Without balance, our leg 

movement cannot hold our body upright and we may fall after any dynamic disturbance like slipping 

or trip [2-5]. Therefore, balancing is critical in legged movement. Human gait is a very complex 

behavior which requires delicate coordination of the central nervous system (CNS), muscles and the 

limbs and also the understanding of the human gait is limited [6-8]. Experiments tell us that for 

dealing with fall control people use a mixture of strategies like the ankle strategy that fixes all joints 

except the ankle and hip strategy that is characterized by a large bending at the hips [8]. During quiet 

standing the body is in continuous movement at all its joints and the body center of mass (COM) 

displays a random looking motion in front of the ankle joints. Shifting the COM manipulates the 

moment created by the gravitational force and allow us to balance and not to fall and it is highly 

related to control of a Double Inverted Pendulum (DIP) which is also unstable like elderly or disable 

people [9]. Since human balancing is more like DIP, we want our application also to behave as such. 

And therefore, we present a Double Inverted Pendulum Model (DIPM) of human balancing to control 

falling. 

 

1.1 Motivation 
One billion people, or 15% of the world’s population, experience some form of disability, and 

disability prevalence is higher for developing countries. One-fifth of the estimated global total, or 

between 110 million and 190 million people, experience significant disabilities. [10-11] If we even 

go outside for a walk it is highly probable to encounter someone with motion disability. It is a huge 

problem still it receives very few attention and we mostly use very old methods to treat them. The 

old methods take long time and fails in many cases meanwhile the suffer and the pain gets worse. 

They almost get isolated from their society and very few able to live a normal life. So analyzing and 

knowing their motion will enable us to learn better about their condition and hence develop better 

method to treat their problem. 
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1.2 Aim and Objectives 
The primary aim of our research was to introduce a new system for physically imbalanced people. 

Our main target was to design an abstract model to introduce balancing solutions for human body. 

There has been a lot of work done in this field using various methods, algorithms and techniques. For 

example, In Linear Inverted Pendulum Model (LIPM) usually uses three techniques ankle, hip 

strategies [1-5,12]. But it is difficult to implement such system for disabled people using LIPM 

because fall control is largely dependent on proper foot placement as our foot stay in contact to ground 

that makes gravitational force to be zero. Human balancing can also be solved by utilizing Human 

Linkage Model and providing a solution to prevent human fall using Intelligent Passive Walker (IPW) 

[13]. IPW uses Laser Range Finder (LRF) and their fall control algorithm is based on the subject’s 

state described by the support polygon and walking pattern of the subject. The main drawbacks of 

these methods are that they are not entirely based on human body but biped robots. Therefore, a 

proper method is needed for human balancing mechanism for disabled personals. 

Our work was a step by step procedure and the whole process is summarized here in our research 

report. The main work flow of our thesis are as follows: 

 

1. Studying related works and develop relevant concepts. 

2. Identifying proper model. 

3. Develop a suitable algorithm for the system 

4. Collect relevant data and testing. 

5. Experiment and result analysis 

6. Decision and conclusion. 
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2. Background Studies 
 

2.1 Simple Pendulum 

A pendulum is a mass attached with strings attached from a pivot point to allow free swing. When it 

is moved away from its equilibrium position it restores it restores the stable position by moving back 

to it due to gravity. And if it is released from a height the restoring force along with the gravity 

oscillates about the stable position oscillating back and forth. The time needed to return to the position 

back from where it was displaced is the time period. The time period is dependent on the length of 

the strings and a little on the degree of its amplitude [5]. 

2.1.1 Equations of Energy: 

Potential Energy = 𝑚𝑔𝑙(1 − 𝑐𝑜𝑠 𝜃) 

Kinetic Energy = 1

2
 𝐼 𝑤2     Where moment of Inertia, 𝐼 = 𝑚𝑙2        
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    Figure 1: Simple Pendulum 
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2.2 Simple Inverted Pendulum 

A simple pendulum has its Centre of mass above its pivot. In most studies to keep the system simple 

the swing of pendulum is restricted to only one plane. The pendulum can be kept stable in one of 2 

ways one is moving the pendulum and another is by a torque in the pivot point. And so, in many cases 

it is implemented using cart to make it stable. It is one of the most widely used model for studying 

human locomotion [14]. 

2.2.1 Equations of energy of Simple Inverted Pendulum 

Kinetic Energy   = 1

2
𝑚𝑣 2 

Potential Energy = 𝑚𝑔𝑙(1 − 𝐶𝑜𝑠 𝜃) 

2.2.2 Equations of energy of Inverted Pendulum and Cart 

Kinetic Energy   =  1

2
𝑚𝑣 2 +  

1

2
 𝑚𝑤2 

Potential Energy = 𝑚𝑔𝑙 (1 − 𝐶𝑜𝑠 𝜃) 

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 2: Simple Inverted Pendulum Cart 

  

 

Figure 3: Simple Inverted Pendulum 
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2.3 Double Link Pendulum 

A double link pendulum is composed of two simple pendulums attached with one another that has 

wide range of dynamic behavior with a strong sensitivity to initial conditions. The motion of this 

pendulum can be described using differential equation and is chaotic in most cases [15]. Like the 

simple inverted pendulum in most cases it is constrained to one plane and in addition in many cases 

length of pendulum and masses are considered equal.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Double Link Pendulum 

 

Figure 5: Variation of θ1 & θ2 with time in DLP 

https://en.wikipedia.org/wiki/Butterfly_effect
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2.4 Pole Placement Approach of controlling Double Inverted Pendulum 
 

This method utilizes the characteristics of double inverter pendulum (DIP) model is 

a less complicated model of the anterior-posterior motion of a standing human at its up-up position. 

In this approach, the modeling is done through a series of complex equation. At first the Lagrange is 

calculated using the kinetic and potential and hence Euler-Lagrange equation and then linearized. 

Then the linearized form is used to derive the state space model equation of the system. Then the 

Eigen value of the state matrix is used to determine the stability of the system. Then a feedback 

control system is implemented. The system is then tested with and without input system. [16] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5 Linear Inverted Pendulum Model 
The primary model which is used to understand foot placement techniques’ in locomotion of biped 

is the linear inverted pendulum model Three crucial balancing strategies that have been used for 

humans consists of the ankle, hip and foot placement strategies. The LIPM is modeled to a bipedal 

         

 

       Figure 6: Double Inverted Pendulum 

 

 

      Figure 7: Control Diagram of Pole Placement 
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based system which can utilize double support and generated a dynamic balance controller based 

system on foot placing and double stance length. The model can stand and move at user-desired speed 

to compensate for temporary external disturbances and permanent ones it accelerates or decelerates. 

The dynamic stability controller smoothly integrates producing continuously-state gait patterns and 

compensating disturbances. Step length and double support length that the controller generates to 

adjust stability is the reason of these behaviors. The gait patterns outputs in clearly stated average 

speeds. [1-4] 

 

 

 

 

 

 

 

 

 

                                             

 

  

 

 

 

 

                                             

2.6 Intelligent Passive Walker (IPW) 
 

Human balancing can also be solved by utilizing Human Linkage Model and providing a solution to 

prevent human fall using Intelligent Passive Walker (IPW). IPW uses Laser Range Finder (LRF) 

to find the position of the user and calculate the COG which is coincident to the cog found using 

motion capturing system, VICON450. Using the distribution of COG during walking and support 

polygon a stability region is developed. If the user’s cog is displaced out of the region the user will 

fall and to prevent that a brake force is applied.  
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                           Figure 8: Bipedal Inverted Pendulum 
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But the walker can’t walk properly in all terrain if the maximum braking force is not dynamic then it 

will not be able to support everyone e.g. 150N maximum braking force and LRF is also unable to 

give a proper model for people wearing baggy clothes [13-14]. 

                 
 

  

 

                     
 

Figure 12: New stability region 

 

Figure 11: Sample of generating braking force 

Figure 9: Use of LRF to generate human 
model for calculating COG 

Figure 10: Comparison of COG using LRF 

and motion capturing system, VICON450 
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  2.7 Zero-Moment Point (ZMP) 
 

 Another concept of balance control is the Zero-Moment Point (ZMP) method which aims to generate 

biped gait by enforcing the balance of the human body with the aid of a set of pre-defined ZMP 

positions and focuses to control human stability rather than coordinating all the gaits [6]. The ZMP 

indicates the point on the ground where the resultant moments of the active forces will be zero. Forces 

include inertia, gravity and external forces from actuators although it does not include the ground 

action forces. The purpose is to keep ZMP within the predefined range and the COP always remains 

within the contact surface region between the foot and the ground [17-18]. ZMP method’s advantage 

is the computation can be done efficiently. The main drawback of this method is that it is not naturally 

how human walk and pre-defined ZMP concept is usually does not exist. 

 

 

 
 

Figure 13: Active force balance by inertia at ZMP 
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    3. System Design and Methodology 
3.1 Proposed Model 

The double Inverted Pendulum Model (DIPM) represents the body above the ankles as a point mass 

and the two feet as a single foot and divide the foot into two links at knee point. It is assumed that the 

gap between the Center of Gravity (COG) and foot placement of the lumped body is constant. These 

assumptions require that compliance of the foot and movement at the knee, hip, and vertebral joints 

are inconsequential so that the single axis of rotation is fixed and so that the distance from the ankle 

joint, hip joint and foot placement to the COG of the body is constant. Therefore, this research 

proposes Double Inverted Pendulum Model (DIPM) which represents the forward dynamics 

principles of human walking and standing and have a control system to make the simulation robust 

to system variation and disturbances. 

 

 

Figure 14: Double Inverted Pendulum Model 
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3.2 Mathematical Modeling 

Balance is defined as the ability to maintain the center-of-gravity (COG) of an object within its base-

of-support (BOS). The point about which the mass is evenly distributed is called the balance point 

which is also known as the COG point. At COG the net force/net torque of our body is zero. There is 

also some gravitational force consideration. But as our foot is placed to the ground the gravitational 

force would be zero at that foot placement point. Therefore, we need to calculate the energy generated 

between to COG of both links and if they create same magnitude torque with different direction than 

the net torque would be zero which is the first principle of balancing. The general torques across the 

joints keep limbs, joints, body segments in proper relationship to one another so that the COG falls 

within the BOS 

The mechanism of the double inverted pendulum is shown in Figure 14 schematically. The 

mathematical model of DIP can be derived using the Euler-Lagrange equation. The form of the Euler-

Lagrange equation used here is:  

𝑑

𝑑𝑡
(

𝑑𝐿 

𝑑𝜃 
̇ ) =

𝑑(𝐿 )

𝑑𝜃 
 …………………… (1) 

Where L = T-V is a Lagrangian, T is kinetic energy and V is the potential energy. 

From eqn (1) for the 2nd order derivation we also find the energy functional 𝜏. 

𝜏 =
𝑑

𝑑𝑡
(

𝑑𝐿 

𝑑𝜃 
̇ ) −

𝑑(𝐿)

𝑑𝜃 
 ………………. (2) 

𝜏1 𝑎𝑛𝑑 𝜏2 are the inputs generalized force vector produced by two actuators at the lower joint (ankle) 

and second at joint (knee), and θ1 and θ2 are angular positions of first arm, and second arm of the 

double pendulum. 

3.2.1 Equation of Motion and Energy 

The equations of motion of this dynamical system can be derived with the help of Lagrangian and 

Hamilton Theorems: 

 

𝑥1 = 𝑙1𝑐𝑜𝑔 sin 𝜃1        

𝑦1 = 𝑙1𝑐𝑜𝑔 cos 𝜃1       
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𝑥2 = 𝑙2𝑐𝑜𝑔 sin 𝜃2 + 𝑙1 sin 𝜃1    

𝑦2 = 𝑙2𝑐𝑜𝑔 cos 𝜃2 + 𝑙1 cos 𝜃1         

Differentiating above equations in terms of t we get, 

𝑥1̇ = 𝜃1̇𝑙1𝑐𝑜𝑔 cos 𝜃1      

𝑦1̇ = −𝜃1̇ 𝑙1𝑐𝑜𝑔sin 𝜃1   

𝑥2̇ = 𝜃2̇𝑙2𝑐𝑜𝑔 cos 𝜃2 + 𝜃1̇ 𝑙1 cos 𝜃1          

𝑦2̇ = −𝜃2̇𝑙2𝑐𝑜𝑔 sin 𝜃2 − 𝜃1̇ 𝑙1 sin 𝜃1 

Therefore, the Kinetic Energy (T) and the Potential Energy (V) we get for the both links: 

𝑇1 =
1

2
(𝑚1𝑙1𝑐𝑜𝑔

2 + 𝐼1)𝜃1̇
2 

     =
1

2
𝑚1(𝑙1𝑐𝑜𝑔

2 + 𝑙1𝑐𝑜𝑔
2)𝜃1̇

2 

     = 𝑚1𝑙1𝑐𝑜𝑔
2𝜃1̇

2 

𝑇2 =
1

2
𝑚2(𝑥2̇

2 + 𝑦2̇
2) +

1

2
𝐼2𝜃2̇

2 

=
1

2
𝑚2{(𝜃2̇𝑙2𝑐𝑜𝑔 cos 𝜃2 + 𝜃1̇ 𝑙1 cos 𝜃1)2 + (−𝜃2̇𝑙2𝑐𝑜𝑔 sin 𝜃2 − 𝜃1̇ 𝑙1 sin 𝜃1)2} +

1

2
𝐼2𝜃2̇

2 

=
1

2
𝑚2{(𝜃2̇𝑙2𝑐𝑜𝑔 cos 𝜃2)2 + (𝜃1̇𝑙1 cos 𝜃1)

2
+ 2𝜃1̇𝜃2̇𝑙1𝑙2𝑐𝑜𝑔 cos 𝜃1 cos 𝜃2    

    +(−𝜃2̇𝑙2𝑐𝑜𝑔 sin 𝜃2)2 + (−𝜃1̇𝑙1 sin 𝜃1)2 + 2𝜃1̇𝜃2̇𝑙1𝑙2𝑐𝑜𝑔 sin 𝜃1 sin 𝜃2} +
1

2
𝐼2𝜃2̇

2  

=
1

2
𝑚2{𝜃2̇

2
𝑙2𝑐𝑜𝑔

2 cos2 𝜃2 + 𝜃1̇
2

𝑙1
2 cos2 𝜃1 + 2𝜃1̇𝜃2̇𝑙1𝑙2𝑐𝑜𝑔 cos 𝜃1 cos 𝜃2 

    +𝜃2̇
2

𝑙2𝑐𝑜𝑔
2 sin2 𝜃2 + 𝜃1̇

2
𝑙1

2 sin2 𝜃1 + 2𝜃1̇𝜃2̇𝑙1𝑙2𝑐𝑜𝑔 sin 𝜃1 sin 𝜃2} +
1

2
𝐼2𝜃2̇

2  

=
1

2
𝑚2{𝜃2̇

2
𝑙2𝑐𝑜𝑔

2 + 𝜃1̇
2

𝑙1
2 + 2𝜃1̇𝜃2̇𝑙1𝑙2𝑐𝑜𝑔 cos(𝜃1 − 𝜃2)} +

1

2
𝑚2𝑙2𝑐𝑜𝑔

2𝜃2̇
2 
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=
1

2
𝑚2{2𝜃2

̇ 2
𝑙2𝑐𝑜𝑔

2 + 𝜃1̇
2

𝑙1
2 + 2𝜃1̇𝜃2̇𝑙1𝑙2𝑐𝑜𝑔 cos(𝜃1 − 𝜃2)} 

𝑉1 = 𝑚1𝑔𝑙1𝑐𝑜𝑔 cos 𝜃1 

𝑉2 = 𝑚2𝑔(𝑙2𝑐𝑜𝑔 cos 𝜃2 + 𝑙1 cos 𝜃1) 

Therefore, the Lagrangian of the links, 

𝐿1 = 𝑚1𝑙1𝑐𝑜𝑔
2𝜃1̇

2
− 𝑚1𝑔𝑙1𝑐𝑜𝑔 cos 𝜃1      

𝐿2 =  𝑚2𝜃2̇
2

𝑙2𝑐𝑜𝑔
2 +

1

2
𝑚2𝜃1̇

2
𝑙1

2 + 𝑚2𝜃1̇𝜃2̇𝑙1𝑙2𝑐𝑜𝑔 cos(𝜃1 − 𝜃2) − 𝑚2𝑔𝑙2𝑐𝑜𝑔 cos 𝜃2 +

           𝑚2𝑔𝑙1 cos 𝜃1  

Using these above equations of L1 and L2 in Euler-Lagrange equation we get, 

𝜏1 =
𝑑

𝑑𝑡
(

𝑑𝐿1

𝑑𝜃1̇

) −
𝑑(𝐿1)

𝑑𝜃1
 

      = 2𝑚1𝑙1𝑐𝑜𝑔
2𝜃̈ − 𝑚1𝑔𝑙1𝑐𝑜𝑔 sin 𝜃1 ------------ (3) 

𝜏2 =
𝑑

𝑑𝑡
(

𝑑𝐿2

𝑑𝜃2̇

) −
𝑑(2)

𝑑𝜃2
 

     = 2𝑚2𝜃2̈𝑙2𝑐𝑜𝑔
2 + 𝑚2𝜃̈1𝑙1𝑙2𝑐𝑜𝑔 cos(𝜃1 − 𝜃2) − 𝑚2𝜃1̇𝜃2̇𝑙1𝑙2𝑐𝑜𝑔 sin(𝜃1 − 𝜃2) 

 −𝑚2𝑔𝑙2𝑐𝑜𝑔 sin 𝜃2 ------------ (4)         

After linearizing the equations of energy and motion:  

𝜃1̇ ≈ 𝜃1̇ ≈ 0 

𝜏2 = 2𝑚2𝜃2̈𝑙2𝑐𝑜𝑔
2 + 𝑚2𝜃̈1𝑙1𝑙2𝑐𝑜𝑔 cos(𝜃1 − 𝜃2) − 𝑚2𝑔𝑙2𝑐𝑜𝑔 sin 𝜃2 

 

From eqn (1), 

𝑑

𝑑𝑡
(

𝑑𝐿1

𝑑𝜃1̇

) =
𝑑(𝐿1)

𝑑𝜃1
 

2𝑚1𝑙1𝑐𝑜𝑔
2𝜃̈1 = 𝑚1𝑔𝑙1𝑐𝑜𝑔 sin 𝜃1 
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∴ 𝜃̈1 =
1

2

𝑔

𝑙1𝑐𝑜𝑔
sin 𝜃1--------------- (5) 

From eqn (4) and eqn (5), 

2𝑚2𝜃2̈𝑙2𝑐𝑜𝑔
2 + 𝑚2𝜃̈1𝑙1𝑙2𝑐𝑜𝑔 cos(𝜃1 − 𝜃2) − 𝑚2𝑔𝑙2𝑐𝑜𝑔 sin 𝜃2 = 0 

2𝑚2𝜃2̈𝑙2𝑐𝑜𝑔
2 = 𝑚2𝑔𝑙2𝑐𝑜𝑔 sin 𝜃2 − 𝑚2𝜃̈1𝑙1𝑙2𝑐𝑜𝑔 cos(𝜃1 − 𝜃2) 

𝜃2̈ =
𝑚2𝑔𝑙2𝑐𝑜𝑔 sin 𝜃2 − 𝑚2𝜃̈1𝑙1𝑙2𝑐𝑜𝑔 cos(𝜃1 − 𝜃2)

2𝑚2𝑙2𝑐𝑜𝑔
2  

=
1

2
{

𝑔

𝑙2𝑐𝑜𝑔
sin 𝜃2 −

1

2

𝑙1

𝑙2𝑐𝑜𝑔

𝑔

𝑙1𝑐𝑜𝑔
𝑙2𝑐𝑜𝑔 sin 𝜃1 cos(𝜃1 − 𝜃2)} 

 

3.3 Body Parameter Equations 

3.3.1 Center of Gravity detection in dynamic position 

When there is a movement of any object the Center of Gravity (COG) of that object changes each 

time. For balancing, that the net force (in Newtonian theorem) or the net energy (Hamilton or 

Lagrangian theorem) [19] at the point of COG becomes zero. The COG changes its position to the 

Base support of our body or any other balancing object respectively. Therefore, it vital that the COG 

must be detected properly and then at that point the net energy (Torque) must be calculated. 

 

Figure 15: Location of COG of the right thigh 
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In our research, we had to identify the COG of calf and thigh as they both were considered as the 

link1 and link2 of our DIPM. In order to calculate the positions of COG, we needed two sets of 

information: the locations of the joint centers or segment endpoints of thigh/calf and the body segment 

parameter data [20]. Using the mean data of Chandler et al. (1975) [20] and the following equations 

for predicting center of gravity locations has been derived: 

𝑃𝑡ℎ𝑖𝑔ℎ,𝑐𝑜𝑔 = 𝑃𝑘𝑛𝑒𝑒 + (0.61)(𝑃𝑘𝑛𝑒𝑒 − 𝑃ℎ𝑖𝑝) 

𝑃𝑐𝑎𝑙𝑓,𝑐𝑜𝑔 = 𝑃𝑘𝑛𝑒𝑒 + (0.58)(𝑃𝑎𝑛𝑘𝑙𝑒 − 𝑃𝑘𝑛𝑒𝑒) 

 

    3.3.2 Marker Placement Model for Joint Position Detection 

One of our main problem for detecting COG of body segment was the start and end point of that 

segment. As human body is based on a skeleton structure therefore all the forces work respect to 

bones and their position. Therefore, for detecting the COG of thigh and calf we needed to know the 

underlying skeleton position of our Hip joint (Sacrum), Knee joint (Femoral Epicondyle) and Ankle 

joint (Lateral Malleolus) [20].  

Some systems, such as the commercially available OrthoTrak product from Motion Analysis 

Corporation uses marker system (up to 25 markers) [20] to detect the underlying skeleton positions. 

For our research, this was too many markers, and the use of bulky triads on each thigh and calf 

severely could encumber the subject. The advantage of this approach is that the markers are easier to 

track in 3-D space [20]. The 3- step strategy used to calculate the positions of the hip, knee, and ankle 

joints on both sides of the body is as follows: 

1. Select three markers for the segment of interest.  

2. Create an orthogonal 𝑢, 𝑣, 𝑤 reference system based on these three markers.  

3. Use prediction equations based on anthropometric measurements and the u, v, w reference system 

to estimate the joint center positions. [20] 
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Figure 16: Marker Placement Model 
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𝑃𝑎𝑛𝑘𝑙𝑒 = 𝑃𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑚𝑎𝑙𝑙𝑒𝑜𝑙𝑢𝑠 

= (+(0.16)(𝑓𝑜𝑜𝑡 𝑙𝑒𝑛𝑔𝑡ℎ)𝑢𝑓𝑜𝑜𝑡
, 

+(0.392)(𝑚𝑎𝑙𝑙𝑒𝑜𝑙𝑢𝑠 ℎ𝑒𝑖𝑔ℎ𝑡)𝑣𝑓𝑜𝑜𝑡
, 

+(0.498)(𝑚𝑎𝑙𝑙𝑒𝑜𝑢𝑠 𝑤𝑖𝑑𝑡ℎ)𝑤𝑓𝑜𝑜𝑡
) 

𝑃𝑘𝑛𝑒𝑒 = 𝑃𝑓𝑒𝑚𝑜𝑟𝑎𝑙 𝑒𝑖𝑐𝑜𝑛𝑑𝑦𝑙𝑒 

= (+(0.000)(𝑘𝑛𝑒𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟)𝑢𝑐𝑎𝑙𝑓
, 

+(0.000)(𝑘𝑛𝑒𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟)𝑣𝑐𝑎𝑙𝑓
, 

+(0.005)(𝑘𝑛𝑒𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟)𝑤𝑐𝑎𝑙𝑓
) 

𝑃ℎ𝑖𝑝 = 𝑃𝑠𝑎𝑐𝑟𝑢𝑚 

= (+(0.598)(𝐴𝑆𝐼𝑆 𝑏𝑟𝑒𝑎𝑑𝑡ℎ)𝑢𝑝𝑒𝑙𝑣𝑖𝑠
, 

+/−(0.344)(𝐴𝑆𝐼𝑆 𝑏𝑟𝑒𝑎𝑑𝑡ℎ)𝑣𝑝𝑒𝑙𝑣𝑖𝑠
, 

+(0.290)(𝐴𝑆𝐼𝑆 𝑏𝑟𝑒𝑎𝑑𝑡ℎ)𝑤𝑝𝑒𝑙𝑣𝑖𝑠
) 

 

3.3.3 Body Segment Mass 

Mass of each body segment of our body is related with the total body mass and the dimensions of 

those segment of interest. As mass is related to density and volume, the segment mass should be 

related to a composite parameter which has the dimensions of length and depends on the volume of 

the segment. We assumed our thigh and calf segment as cylindrical therefore, based on the data in 

Chandler et al. (1975) [20], mass of body segment equations can be derived as follows: 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑖𝑔ℎ = (0.1032)(𝑇𝑜𝑡𝑎𝑙 𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠)

+ (12.72)(𝑡ℎ𝑖𝑔ℎ 𝑙𝑒𝑛𝑔𝑡ℎ)(𝑚𝑖𝑑 − 𝑡ℎ𝑖𝑔ℎ 𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒)2 + (−1.023) 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑙𝑓 = (0.0226)(𝑇𝑜𝑡𝑎𝑙 𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠) + (31.33)(𝑐𝑎𝑙𝑓 𝑙𝑒𝑛𝑔𝑡ℎ)(𝑐𝑎𝑙𝑓 𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒)2

+ (0.016) 
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4. Experiment and Result Analysis 

4.1 Data Collection 

We have used dataset from “Dynamics of Human Gait” book’s example and data table [20]. In 

addition, from the experiment of six cadaver’s studies by Chandler, Clauser, McConville, Reynolds, 

and Young (1975) [20]. We have also taken some raw data from 15 normal people for identifying the 

balancing factor parameter on average. 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Balancing angle range for balanced people 

 

From Table 1, we have assumed some average angle range for both left calf, thigh and right calf, 

thigh of normally balanced people to simulate for disable personals.  

 

4.2 Experiment 

Firstly, we have taken the 𝜃1 and 𝜃2 value of balancing range for normal people to identify the 

optimum tolerable value of angles. Then we simulated our disable personals according to the normal 

people balancing range. We have considered other variables like mass and length of body segment as 

constant. We also considered some assumption of attribute values for linearization of our equation 

solving.  

Person 
No. 

Right Calf 
Angle (𝜃1) 

Left Calf 
Angle (𝜃1) 

Right Thigh 
Angle (𝜃2) 

Left Thigh 
Angle (𝜃2) 

1 34 40 35 35 
2 35 41 34 37 
3 40 38 36 42 
4 44 48 31 31 
5 33 38 33 39 
6 32 34 40 46 
7 30 35 35 50 
8 33 38 32 30 
9 43 50 33 53 
10 33 39 35 45 
11 45 52 40 55 
12 32 40 32 32 
13 37 42 30 40 
14 35 43 31 31 
15 38 45 32 42 
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Therefore, to find out the energy and torque in the base of support (BOS) and center of gravity (COG) 

we simulated calf angles from 0 to 45 deg. for 𝜃1 while leaving 𝜃2 constant at 0 degree and 30 degree 

for right leg, 0 degree and 45 degree for left leg. We also simulated the thigh angles from 0 to 45 

degree for 𝜃2 while leaving 𝜃1constant at 0 degree and 30 degree for right leg, 0 degree and 45 degree 

for the left leg. We also considered the Angular (Phi) position of ground plane for dynamic 

positioning and COG detection. As our foot was connected with the ground directly we considered 

gravitational force at that point is zero.  

Body parameter used for simulation is as follows: 

Mass of the subject, m = 64.99 kg 

Length of the calf (Right) = 0.430 m 

Length of the calf (Left) = 0.430 m 

Length of the thigh (Right) = 0.460 m 

Length of the thigh (Left) = 0.465 m 

Right Middle Thigh Circumference = 0.450 m 

Left Middle Thigh Circumference = 0.440 m 

Right Middle Calf Circumference = 0.365 m 

Left Middle Calf Circumference = 0.365 m 

Knee Diameter (Right) = 0.108 m 

Knee Diameter (Left) = 0.112 m 

ASIS Breadth Length (Right) = 0. 240 m 

ASIS Breadth Length (Left) = 0. 240 m 

Length of Foot (Right) = 0.260 m 

Length of Foot (Left) = 0.260 m 

Right Malleolus Height = 0.60 m 

Left Malleolus Height = 0.60 m 

Right Malleolus Width = 0.074 m 

Left Malleolus Width = 0.073 m 

Gravitational acceleration constant, g = 9.81 m/s2 
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4.3 Result Analysis 

After simulation, we plotted our Theta (𝜃) vs Torque (𝜏) values for both legs with both angles of calf 

and thigh. We got different graphs that shows the interactions points where 𝜏1= 𝜏2with different 

direction where the net Energy in COG is Zero. 

We have seen when calf in stance position only 𝜃2 has affect in balance where as if we moved our 

bottom part of leg both the angles 𝜃1  and 𝜃2 changed and at some points the resultant torque became 

zero. That is the balancing range of angles.  
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Table 2: Experimental result for right calf rotational degrees with thigh angle 0 degree 

 
Table 3: Experimental result for right calf rotational degrees with thigh angle 30 degree 
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Figure 17: Balanced angle for right calf with thigh angle 0 degree 

 

In this graph, for constant right thigh angle of 0 degree with the right calf degrees of 4,7,8 ,10,11,13,14 and 

17 we are getting intersecting point of 𝜏1 and 𝜏2. So, for those angles of right calf the system is balance. 

 
Figure 18: Balanced angle for right calf with thigh angle 30 degree 

 

In this graph, for constant right thigh angle of 30 degree with the right calf degrees 34,38,39,43 to 45 

we are getting intersecting point of 𝜏1 and 𝜏2. So, for those angles of right calf the system is balance. 
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Table 4: Experimental result for right thigh rotational degrees with calf angle 0 degree 

 
Table 5: Experimental result for right thigh rotational degrees with calf angle 30 degree 
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Figure 19: Balanced angle for right thigh with calf angle 0 degree 

 

In this graph, for constant right calf angle of 0 degree with the right thigh degrees of 38 to 43 we are 

getting intersecting point of 𝜏1 and 𝜏2. So, for those angles of right thigh the system is balance. 

 
Figure 20: Balanced angle for right thigh with calf angle 30 degree 

 

In this graph, for constant right calf angle of 30 degree with the right thigh degrees of 16 to 29 we are 

getting intersecting point of 𝜏1and 𝜏2. So, for those angles of right thigh the system is balance. 
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Table 6: Experimental result for left calf rotational degrees with thigh angle 0 degree 

 
Table 7: Experimental result for left calf rotational degrees with thigh angle 45 degree 
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Figure 21: Balanced angle for left calf with thigh angle 0 degree 

 

In this graph, for constant left thigh angle of 0 degree with the left calf degrees of 40,41,44 and 45 we are 

getting intersecting point of 𝜏1 and 𝜏2. So, for those angles of left calf the system is balance.  

 
Figure 22: Balanced angle for left calf with thigh angle 45 degree 

 

In this graph, for constant left thigh angle of 45 degree with the left calf degrees of 

1,7,11,13,18,19,21,24,29,35 and 42 we are getting intersecting point of𝜏1and 𝜏2. So, for those angles 

of left calf the system is balance. 
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Table 8: Experimental result for left thigh rotational degrees with calf angle 0 degree 

 
Table 9: Experimental result for left thigh rotational degrees with calf angle 45 degree 
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Figure 23: Balanced angle for left thigh with calf angle 0 degree 

 

In this graph, for constant left calf angle of 0 degree with the left thigh degrees of 15 to 20 we are getting 

intersecting point of 𝜏1 and 𝜏2. So, for those angles of left thigh the system is balance.  

 
Figure 24: Balanced angle for left thigh with calf angle 45 degree 

 

 In this graph, for constant left calf angle of 0 degree with the left thigh degrees of 14 to 28 we are getting 

intersecting point of 𝜏1 and 𝜏2. So, for those angles of left thigh the system is balance.  
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5. Conclusion 
5.1 Conclusion 

In our research, our study emphasized on the reasons to human balancing and what should be done 

for stable balancing and fall control. Our research introduces a theoretical balancing system for 

different stance position. The system presents the Double Inverted Pendulum Model (DIPM) for 

stability control of disable personals. The system works using the two rotational degrees of freedom 

at ankle joint and knee joint for both legs. It takes the mass and length of human subject and suggests 

the optimal standing angles to prevent falling.  

In our research, we also tried to describe it as the most energy based control architecture as our system 

use the ankle torque and knee torque for balancing. Therefore, for disable personals those who don’t 

have control over their body, their balance will be restored in such easy and efficient way possible. 

Finally, the description of stability control using DIPM, the rotational degree and the energy has been 

presented.  

5.2 Future Work 

In future, we wish to extend our research by adding more variable attributes and actuators for proper 

balancing for handicapped personals. Therefore, we hope the output of this research will be very 

helpful to develop stable human balance controlling and prevent of falling for the disable people. 
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