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1 | Introduction

As a consequence of the Diabetes, the heart muscles loss capacity. This condition hinders the
blood flux especially in parts of the body furthest from the heart causing weakness in the tissues
of the feet. The modification of the tissues properties can produce a change in the normal
pressure pattern in the feet, causing changes in the charge distribution in the areas of support
that can influence to keep up the stability in upright posture [1].

The BASPI group of electronics engineering department has the "Footlab" laboratory, in Atico
center. An analysis of diabetic patients is being implemented in this laboratory in order to
develop orthopedic insoles to correct changes of the foot features and, in this way, redistribute
the pressure point to prevent ulcers.

In order to design and test those insoles, it is necessary a complete analysis of the plantar
pressure and the characteristics of the equilibrium of the patient. For this reason, the analysis of
the postural balance control was proposed as a part of the studies of equilibrium because changes
produced by the insoles could affect the equilibrium of the upright position.

The principal objective of this project is to model the upright position of the adult persons
between 20 to 25 years old by approximating the human body to double joint pendulum. In
order to achieve this objective the next specific objectives were selected as follows:

• To approximate the model of double joint pendulum to describe the upright position of the
adult person between 20 to 25 years old.

• To do the basic engineering to select the necessary sensors to measure the posture based
on the model.

• To determine the controllability of the posture based on the model, and if it is possible,
determine a control law that ensure stability taking into account the stability and pertur-
bations reject.

• To validate the results with simulations in order to contrast the mechanical model with
simmechanics.

In this project, a first approximation of the study of stability based on a dynamical model of
human body is proposed. In this approximation, the normality of equilibrium will be studied
and the behavior of the normal upright position will be defined by modeling the characteristics
of the healthiest population (people between 20 to 25 years old [2]).

After the introduction, chapter 2 summarizes the upright position biomechanics, the selection
criteria of the double inverted pendulum as an approximate model and presents the model equa-
tions based in the human body characteristics. In chapter 3, the control law is implemented in
order to stabilize the model based on the states estimation. Chapter 4 shows the characterization
of the natural sensors in the human body for keeping the balance and describes how the states
are estimated taking into account the dynamic performance of those sensors. Chapter 5 analyzes
the results of the model and explains the interpretation. Chapter 6 explains the methods to
validate the model and how to proceed with measurements. A final chapter concludes.
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2 | Upright Position Biomechanics

The human movement analysis requires kinetic measures as well: masses, moments of inertia,
and their locations. In order to identify the main measurements to approximate the human body
to a double link inverted pendulum it was necessary an anthropocentric study.

On the other hand, choosing the approximated model is crucial in order to achieve a correct
interpretation of the study. In this part, a summary about the upright position biomechanics
is presented taking into account the analysis of the grades of freedom and the main features of
the body in order to get a dynamical model to describe the behavior of the upright position.
Another fact is the distinction between men and women, an study about the gender differences
in the postural sway addressed in [3] concludes that there are no significant differences.

2.1 Antropometry

First of all, the model was defined with a study about fundamental characteristics involved in
the description of upright position. In this case, the most important features are the length and
weight of the human body.

The analysis of the length and weight was realized using anthropometric tables. Since a neces-
sary condition to apply the anthropometry tables is the weight, the percentage of fat and the
percentage of water are within the normal parameters [4].

The basic dimension is the length of the segments between each joint. The figure 2.1 shows
the standard anthropometric measures as a fraction of the body height. Also, the figure 2.2
summarizes the different body sections expressed in terms of the weight.

For the upright position, the most significant parts of the body are divided in two sections: from
ankle to hip and from hip to head, taking as principal joints the ankle and hip. Using the figures
2.1 and 2.2 it is possible to know the mass and length of each body part as a percentage of total
mass(M) and total height(H). The values taken in this study for the model are: HAT (Head, Arms
and Trunk) 0.678M - 0.47H and legs (2 ∗ 0.161)M - 0.491H; those values represent the length
and weight of the segment comprehended between the hip and head and the segment between
the ankle and hip respectively. The mass of the feet do not interfere in the system dynamics
because the ankle is the pivot joint since in the process to keep the balance only interfere the
mass of the body over the ankle [6].

2.2 Ankle and Hip Bio-mechanics

In [7] a study of the contribution of the hip and ankle joints to the balance control was made.
During the measures of the upright position, the authors realize that each of those joints con-
tribute to keep the body in upright position. Also, the movement is more significant sagittal
than frontal, and the ankle joint do more effort than the hip-joint.
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Chapter 2. Upright Position Biomechanics

Figure 2.1: Body segment lengths expressed as a fraction of body height H[5].

Figure 2.2: Body segment expressed as a fraction of body height H and mass M [5].
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Chapter 2. Upright Position Biomechanics

While a human being is in up right position, the ankle and hip have restricted movements. And,
as a natural response, the human body performs a dynamical equilibrium called sway. The
characterization of this sway movements evidences that this movement is restricted to ±6◦ for
the ankle and ±5◦ for the hip, and the maximun torque are ±20Nm for the ankle and ±15Nm
for the hip 1[8][7][9].

2.3 Double Inverted Pendulum Model

The inverted pendulum has been the basis of the analysis of the postural behavior as a dynamical
model. Using the model of double joint pendulum it was possible to design a controller in order
to keep the upright position of a paraplegic person. Also, through the measures of muscle effort
in the ankle, the person can change the balance reference for the control [8].

Due to the human body complexity, many approximation have been developed, in some cases the
model has been approximated as a single inverted pendulum, but not only the ankle contribute
in the balance control. The double link pendulum adds the contribution of hip in the model
dynamics [6][7][10]. Although the knee contribute to the natural sway, its contribution is not
significant in standing, in [11] is demonstrated that the most significant contribution of the
knees is presented in external perturbations and, in this project, external perturbations are not
considered.

The human body, in upright position, it is more stable in frontal orientation than the sagittal
orientation. In frontal orientation, the human body has two points of support (both feet), and
the distance between the feet allows more control, but in sagittal orientation the body only has
one support point and the control depends totally of the ankle muscles. For this reason the
model of inverted pendulum was analyzed only in sagittal orientation[12].

In this project, the approximation of double link pendulum was selected as a model of the human
being. Based on the figure 2.3, we develop the model equations.

The kinetic and potential energy of system is:

K = 1
2(m1((l1θ̇1 cos(θ1))

2 + (l1θ̇1 sin(θ1))
2) +m2((l1θ̇1 cos(θ1) + l2θ̇2 cos(θ2))

2

+(l1θ̇1 sin(θ1) + l2θ̇2 sin(θ2))
2))

P = g(m1l1 cos(θ1) +m2(l1 cos(θ1) + l2 cos(θ2)))

(2.1)

where, θ1 is the ankle angle respect to the vertical axis, θ2 is the hip angle respect to the vertical
axis,l1 is the distance between the ankle and the hip, l2 is the distance between the head and the
hip, m1 is the mass of the segment between the hip and the ankle, m2 is the mass of the segment
between the head and the hip , and g is the gravity constant. Based on the anthropometric
studies, for each segment the values of the lengths and weights are expressed in terms of the total
weight (M) and the total lenght (H) of the body: l1 = 0.491H, l2 = 0.47H, m1 = (2 ∗ 0.161)M
and m2 = 0.678M .

1This restrictions are conditioned to sagittal view. Also, are the maximum value for the sway.
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Chapter 2. Upright Position Biomechanics

L = K − P

d

dt

∂L

∂θ̇i
− ∂L

∂θi
= 0

(2.2)

Using the analysis of the potential (P ) and kinetic (K) energy, and replace it on the Lagrange
equation (2.2) the result of the system is:

θ̈1 =
−(l1m2 cos(θ1−θ2) sin(θ1−θ2)θ̇21+l2m2 sin(θ1−θ2)θ̇22−g m1 sin(θ1)−g m2 sin(θ1)+g m2 cos(θ1−θ2) sin(θ2))

(l1(m1+m2−m2 cos(θ1−θ2)2))

θ̈2 =
g m1 sin(θ2)+g m2 sin(θ2)+θ̇21l1m1 sin(θ1−θ2)+θ̇21l1m2 sin(θ1−θ2)−g m1 cos(θ1−θ2) sin(θ1)

(l2(m1+m2−m2 cos(θ1−θ2)2))

+
−g m2 cos(θ1−θ2) sin(θ1)+θ̇22l2m2 cos(θ1−θ2) sin(θ1−θ2)

(l2(m1+m2−m2 cos(θ1−θ2)2))

(2.3)

In equilibrium state, the angles and the inputs of the system are zero. The equations (2.3) were
linearized in Matlab2 and resulting matrices are:

Ẋ = AX +BU
Y = CX +DU

X =


θ1
θ̇1
θ2
θ̇2

U =

[
T1
T2

]
(2.4)

A =


0 1 0 0

gm1+gm2

l1m1
0 − gm2

l1m1
0

0 0 0 1

−gm1+gm2

l2m1
0 gm1+gm2

l2m1
0



B =


0 0
1

l1m1
− 1
l2m2

1

0 0
− 1
l1m1m2

1
l2m1

C =

[
1 0 0 0
0 0 1 0

] (2.5)

2The complete procedure is showed in the Annexes/Simulation/control pen.m in the section of the code labeled:
Linearization
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Chapter 2. Upright Position Biomechanics

Figure 2.3: Human double pendulum aproximation.
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3 | Control of Center of Mass

To analyze the balance control is used the center of mass, the center of pressure or both but, for
different positions of the body is possible to get same measure of those variables. In the figure
3.1 shows that for different position, the center of mass and the center of pressure are the same,
for example in the positions 1 and 4 in the figure the center of mass is the same but the position
and the displacement direction are different, also in the positions 2 and 3 the center of pressure
is the same but the the position and the displacement direction are different[5]. In this project
is proposed another approximation for evaluate the human balance taking the state variables in
order to get more information about the behavior of the body in upright position.

Figure 3.1: Different position of the proses in natural sway. R represent the center of mass
and W the center of pressure[5].

Experimental evidence suggests that states information is used in selection of control strategy.
Due that the control objective is to keep the equilibrium point, a Linear Quadratic regulator
(LQR) was implemented. In addition, this technique provides the optimal gains for control, it
is similar to the human body process due to the fact that the control balance is based in the
information about the position of the human body parts and the process is optimized during
growth[13][14] .

3.1 Linear Quadratic Regulator (LQR)

This is the most fundamental form of control for linear systems because it uses the principal
action of control: each state is multiplied by a gain to feedback the system.
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Chapter 3. Control of Center of Mass

In order to find the vector of gains (K) a Linear Quadratic Regulator (LQR) was implemented.
This method consists on making the transition from the initial state x(k0) to the final state
x(k) = 0 using the control function u(k) = Kx(k)[15].

min
u(t)

∫ ∞
0

(x(t)TQx(t) + u(t)Ru(t))dt (3.1)

In this case, the control objective is to keep the equilibrium in the double inverted pendulum
with the less quantity of energy. Also, the weighing matrices R and Q of (3.1) can be chosen
to penalize excessive exertion of control effort and undesired excursions of the state from stable
upright position[13].

Based on [16], the values of the matrices Q and R were chosen.

3.2 Weighting Matrices

The matrix R affects directly the penalization of the ankle and hip exertion, in this case, the
relative cost of both signals is the same. For those reasons the value of R is:

R = I2×2 (3.2)

The matrix Q penalizes variations in the states, in order to get a convergent result the matrix
must be defined positive. The criteria to find the value of Q is shown below.

Q′ = σ2
µQcm + (1− µ)Qup

λmax(µQcm + (1− µ)Qup)
(3.3)

In the equation (3.3), σ value represent the effort of the control, λmax is the maximum singular
value of the matrix A, Qcm represents the penalization caused by move restrictions in the hip and
ankle angles as changes in center of mass, Qup penalize the variation in the hip and ankle angles
in order to keep standing, and µ is value that interfere in the relationship between Qup and Qcm
to add importance to keep the position or keep the restrictions. The values were characterised
experimentally in [13] and each parameter are showed in table 3.1 and the values of Qup and
Qcm are shown in the equation (3.4).

Table 3.1: Body mass as a fraction of body weight(M).[5]

Parameter Value

σ 1

µ 0.5

λmax 7.9798
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Chapter 3. Control of Center of Mass

Qcm =

[
0.57 0.17
0.17 0.05

]
Qup =

[
1.45 −1.18
−1.18 0.96

]

Q =

[
Q′ 0
0 0

] (3.4)

The optimization problem was solved with Matlab in order to find the value of K.

3.3 Control Simulation

In this case we control the center of mass indirectly through the ankle and hip forces.

Figure 3.2: Block Diagram of the balance control aproximation.

Finally the figure 3.2 shows the block diagram of the balance control approximation using as
controller the LQR designed. The signal u(t) corresponds to the control signals, the force of the
hip and ankle, x(t) are the states of the double inverted pendulum model.

The controller was tested with the linear model and the non linear model in Simulink. The figure
3.3 and 3.4 show the control performance, the blue line is the lineal model and the green line is the
non linear model. This test was performed with the following parameters: M = 75kg,H = 1.75m;
and the initial conditions: θ1 = 1◦ θ2 = −1◦ θ̇1 = 0◦ θ̇2 = 0◦. There is an error between the
signals because the nonlinearity but the control can stabilize both models.
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Chapter 3. Control of Center of Mass

Figure 3.3: System response with the LQR controller. The blue line is the lineal model, the
green line is the non linear model.

Figure 3.4: Control signal with the LQR controller. The blue line is the lineal model, the
green line is the non linear model.
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4 | Model States Estimation

By modeling the natural sensors of the body in charge to measure the deviations of balance, it
is possible to develop a simulation of the effects of deterioration in the sensors. This allows us
to predict how this effect could interfere in the equilibrium of people in the case of some sensors
fail. We decided to add the behavior of the natural sensors of the body in order to estimate the
space state variables.

4.1 Balance Sensors Dynamics

In balance control, other variables contribute to keep the upright position. The double inverted
pendulum takes into account the basic physic behavior of the human body, but the dynamics of
the sensors that allows us to keep balance must be added to the model.

The principal sensors are related to: the proprioception, visual rotation and translation, and
vestibular rotation and translation. Each sensor was analysed as a dynamical system in state
space form.

ẋs = Asxs +Bsus
ys = Csxs +Dsus

(4.1)

In the equation (4.1), ys represent the output of the sensor, us the stimulus of the sensors, and
xs represents the states of the sensors. Then, the dynamical model of the sensors is attached to
the double inverted pendulum model.

In accordance to [5], the proprioception signals sent by the muscles in the joint, in this case are
two signals, one for the ankles and other for the hip. Regarding to the vestibular sensors, the
human body has two groups of organs to sense the acceleration, one is the semicircular canal
inside the ear and the otoliths. Finally, for the visual rotation and translation the model is
limited by two degrees of freedom. The final states are:

XT
BS = [xTB xTap x

T
hp x

T
sc x

T
ot x

T
vr x

T
vt] (4.2)

where, xB represent the states of the linearized double inverted pendulum model, xap and xhp
represents the states for the propiaception sensors of the ankles and the hip, xsc and xot are the
states for the vestibular sensors divided in semicircular canals and the otholits respectively, and
xvr and xvt are the states for the visual rotation and the visual translation.

For the propiaception sensors , the signal is generated by the muscles in the ankles and the hip
and it can be modeled as a lead lag control which provide a signal proportional to length and
velocity within a limited bandwidth[17].
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Chapter 4. Model States Estimation

Aap = Ahp =
−1

αTsp
Bap = Bhp =

1

αTsp

Cap = Chp =
α− 1

α
Dap = Dhp =

1

α

(4.3)

The equation (4.3) shows the matrices for each proprioception sensor.The inputs of the sensors
are the ankle and hip joint angles uap = θ1, uhp = θ2 − θ1 The constants Tsp and α represent the
parameters in the lead-lag transfer function. In [17] a study about the muscle spindles find that
the values of the parameters Tsp = 0, 4 and α = 0.15.

The semicircular canal has an overdamped response to the angular acceleration which is detected
by hair cells whose firing rate is roughly proportional to angular velocity[18]. Based on [16] the
equation (4.4) describes the behavior of semicircular canal sensors.

Ysc
Xangacc

=
kscs(s+ ωs1)

(s+ ωs2)(s+ ωs3)
(4.4)

The values of the parameters in the equation are: ksc = 0.574, ωs1 = 100, ωs2 = 0.1 and
ωs3 = 0.033.

The otoliths performance are described by the equation (4.5).

Yot
Xlinacc

=
kot(s+ ωo1)

s+ ωo2
(4.5)

where, kot = 90, wo1 = 0.1 and wo2 = 0.2 [19].

And for the visual rotation and translation a simplified model for visual signal processing was
implemented with a bandwidth limitation.

Yv
Xv

=
1

Tvs+ 1
(4.6)

The equation (4.6) represents the performance of the visual sensors and the value of the paramater
Tvs = 0.1[16].

Once all the sensors are written in in state space form, the model extended with the sensors
dynamics is:

12



Chapter 4. Model States Estimation

ABS =



0 I2×2
G 0

Bapf
T
1 Aap

Bhpf
T
2 Ahp

Bscg
T
2 Asc

Botc
T
t g

T
1 Aot

Bvrf
T
2 Avr

Bvtc
T
t Avt



BBS =



0
H
0
0

Bsch
T
2

Botc
T
t h

T
1

0
0



CBS =



I4×4
0 0 Cap
0 0 Chp

Dscg
T
2 Csc

Dotc
T
t g

T
1 Cot

0 0 Cvr
0 0 Cvt



DBS =



0
0

Dsch
T
2

Dotc
T
t h

T
1

0
0



(4.7)

where,

G =

[
gT1
gT2

]
=

[
gm1+gm2

l1m1
− gm2

l1m1

−gm1+gm2

l2m1

gm1+gm2

l2m1

]
H =

[
hT1
hT2

]
=

[
1

l1m1
− 1
l2m2

1

− 1
l1m1m2

1
l2m1

]

F =

[
fT1
fT2

]
=

[
1 0
−1 1

]
ct =

[
ct1 ct2

]
=
[
−0.835 −0.735

] (4.8)

The equations (4.7) and (4.8) represent the model of the inverted pendulum with the dinamics
of the human body sensors attached.

4.2 Kalman Filter

The estimate is produced by an internal model of the body and sensory dynamics. This model
can produce both a state estimate x̂BS and a prediction ŷs of sensory output. Process noise and
other disturbances can cause the actual state to deviate from this estimate. This deviation can

13



Chapter 4. Model States Estimation

be corrected with feedback of the sensory prediction error ys− ŷs , with estimator gain matrix L
determining the effect of the corrections on each state: xBS . The most important requirement
being the stabilization of the estimation error xBS − x̂BS . A kalman filter was developed as an
estimator of the model states taking into account the variance of the natural sway.

The estimator not only computes the states variables, the sensor signals are estimated also. This
allows to see the behavior of the signals which are used in the body to keep an upright position.

We assume that the measurement noise and the proses noise are not correlated. In [20] a study
about the body sway characteristics shows that the noise in the measures can be modeled as
Gaussian white noise and the matrices W and V for the proses noise and measurement noise
respectively were:

W =

[
0.08 0
0 0.08

]
V =

[
1e−7 0
0 1e−7

]
(4.9)

Solving with Matlab the vector of gains for the optimal observer is:

L =



5525.81 −214.62
−214.62 10029.36

15290349.94 −1669285.21
−1669280.58 50317160.33

16.66 −2.50e−5

−16.66 16.66
−1669252.04 50315826.42
−214.67 10029.15

−12760848.02 1185436.98
−5730.44 10233.99
−4447.95 −7185.02



(4.10)

Using the estimated sensors signals is possible to generate the space state signals as linear com-
bination of the output adding the contribution of each sensor to the space state estimation.

XLQR = CθXBS =


1 0 0 0 1 −1 0 0 0 0
0 1 0 0 0 −1 0 0 0 0
0 0 1 0 0 0 −0.01 0 0 −1
0 0 0 1 0 0 0 0 1 −1

XBS (4.11)

The equation 4.11 shows the relation between the estimated states and the states of the double
inverted pendulum model where, XLQR represents the estimated states [θ̂1 θ̂2

ˆ̇
θ1

ˆ̇
θ2].

4.3 Observer Simulation

Using the controller designed in the chapter 3, the performace of the observer was evaluated.

The figure 4.1 shows the block diagram of the observer intervention in the control performance.
The signal u(t) corresponds to the control signals (the force of the hip and ankle), x̂(t) are the

14



Chapter 4. Model States Estimation

Figure 4.1: Block Diagram of the control-observer interaction.

estimated states of the double inverted pendulum model based on the measures of the hip and
ankle joint y(t) and ys(t) represents the estimated output of the signals provided by the natural
sensors.

Figure 4.2: Control-Observer performance. The blue line is the state, the green line is the
estimated state.

The figure 4.2 shows the control and the observer performance, the blue line is the state and
the green line is the estimated state. This test was performed with the following parameters:
M = 75kg,H = 1.75m; and the initial conditions: θ1 = 1◦ θ2 = −1◦ θ̇1 = 0◦ θ̇2 = 0◦ and zero
for each state in the observer. The observer can reach the state signal in less than one second
and also, the combination of the control and the observer can achieve the control objective.
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5 | Natural Sway Simulation

In order to evaluate the model, a simulation about the natural sway is performed. The literature
suggests that the natural sway increases with the age or some illnesses like parkinson or diabetes
[7] [20]. For this reason the natural sway is used as a way to quantify the equilibrium [20][21][22].

The criteria used to introduce the data for simulations were selected taking into account the
characteristics of an average person, that includes people in a age range 20-25 with necessary
conditions to apply the anthropometric tables mentioned in the section 2.1.

5.1 Input Characterization

The control performance was probed adding Gaussian noise to the sensors signals estimated by
the observer. The matrix of variances for each sensor is obtained by solving the equations in
(5.1).

(ABS −BBSKBS)Xcv +Xcv(ABS −BBSKBS)
T +BBSWBT

BS = 0
Y = CBSXcvCBS Vo = [πap πhp πsc πot πvr πvt]I6×6Y

(5.1)

where, Xcv is the state covariance, Y is the output covariance. The values for the sensor noise
are πap = 0.05 πhp = 0.01 πsc = 0.001 πot = 0.001 πvr = 0.001 πvt = 0.001. Those values were
taken from [16].

5.2 Simulation Results

For the simulation, the system only has the noise of the sensors as input signal and the test is
applied with the parameters of a normal person also, the seed used to generate the noise signal
is fixed in order to compare the results.

The figure 5.1 shows the model designed in simmecanics1 to simulate the model behavior. In
order to contrast the behavior of the model, the Roomberg test2 was applied in the simulation.
Due that the Roomber test requires evaluating the person with closed eyes, this sensors signals
(xvr, xvt) were removed from the estimation.

For each simulation we analyzed the phase diagram between the angles θAnkle and θHip. In order
to summarize the dispersion of the data in this diagram the covariance ellipse is drawn with a
99%of confidence.

Taking as a reference a person with M = 75kg and H = 1.75mts the following results are
presented.

The figure 5.2 shows the simulation results. The nonlinear model presents more sway than the
linear model, in other words, the linear model is more stable than the non linear model.

1Simmecanics is able to simulate the physical non linear behavior of the double inverted pendulum.
2upright standing for a minute, first with the eyes open, then with the eyes closed.
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Chapter 5. Natural Sway Simulation

Figure 5.1: Simmechanics model.

Figure 5.2: Linear (left) and nonlinear (right) simulation response. θhip and θank are in
degrees.

The figures 5.3 show the simulation of the Roomber’s test with eyes open and closed respectively.
The literature suggests that the dispersion of the measure of the natural sway with closed eyes
is bigger than the measure with eyes opened. The figure 5.4 shows the comparison between the
open eyes and closed eyes simulation. This figure is in accordance with the expected results
regarding to [23][24] due to the fact that the increase in the angle is similar to the data shown
in the right diagram in the figure. Also, the center of mass (COM) can be evaluated with the
equation xCOM (t) = 2.8θ1(t) + 2.8θ2(t)[24] and the figure 5.5 shows that the frequency response
of the center of mass in the model has a similar behavior of the measures taken in [23].
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Figure 5.3: Simulated romberg test eyes open (left) closed eyes (right). θhip and θank are in
degrees.

Figure 5.4: Comparison between the simulation whit eyes open in blue line and eyes closed
in red line (left). θhip and θank are in degrees. Figure taken from [23] shows the changes in
the postural sway in sagittal position, the black circle represents the eyes closed, and the white
circle the eyes open, the measure was taken with a marker in the shoulder in average people
(middle). Figure taken from [24] shows the changes in the maximum amplitude in the ankle and
hip sway with the eye open (EC) and the eyes closed (EC), in dark grey the hip and in light

grey the ankle, the measure was taken in average people with laser sensors (right).

The figure 5.6 shows the efford in the control signal. The force aplied in the ankle and hip do not
exced the range of normal operation ( maximun torque are ±20Nm [8][7][9]). Also, the control
signal related with the closed eyes test (blue line) has more noise than the open eyes test (green
line).

The figure 5.7 shows the states during the test. The signal have more variation during the the
test with eyes closed (green line) than the test with the eyes open. The simulation of the natural
sway with the open eyes and closed eyes is possible due that the estimation error increase without
all input signals in the observer.
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Chapter 5. Natural Sway Simulation

Figure 5.5: Frequency response of the center of mass for the open eyes test (left). Figure taken
from [23] shows the frequency response of the center of mass in saggital plane with open eyes,

the shade represent the spectre of center of mass for frontal position

Figure 5.6: Control signal, the blue is the open eyes test and green line the closed eyes test.
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Chapter 5. Natural Sway Simulation

Figure 5.7: States signals, the blue is the open eyes test and green line the closed eyes test.
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6 | Experiment Protocol

Based on the construction of the model an experiment protocol is suggested in order to validated
and adjust the model.

6.1 Participants Conditions

Due to the purpose of this project is describing the normal posture, it must be ensured that
people who participate in the experiment satisfy the requirements of a healthy human. Therefore,
a selection of a group aged between 20 and 25 with the percentage of fat and the percentage of
water are within the normal parameters [4], guaranteeing the maximum physical development
without apparent deterioration.

Based on studies by physiologists cited in each point, the experiment was developed with the
following features:

• The person must be measured after breakfast, between 8:00am to 11:00pm[22].

• The person must have slept at least 7 hours [25].

• The measures are taken by using the Roomberg test1[12].

• The participants of the test must be: in an age range of 20-25 and separated in two groups
(men and women)[2].

• The person must not have metabolic alterations like: Diabetes, hypertension, fluid reten-
tion, pregnancy, etc.

According to the Colombian laws [26], the risks of the procedure must be evaluated to standardize
the protocol. The law definitions establish that this procedure is considered as a low risk since
the measures are taken with a physical exam.

The law, excludes low risk experiments of informed consent with a justification from the ethics
committee.

6.2 Measures

In order to compare the model with the participant measurements, the data of the ankle and hip
angles must be recorded. It is recommendable taking the measures in a specialized gait analysis
laboratory since this kind of laboratory have cameras and the specialized software calibrated to
take the measures.

1upright standing for a minute, first with the eyes open, then whit the eyes closed.
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Chapter 6. Experiment Protocol

The measures can be made with other kind of sensors. In [27] is suggested the use of inertial
measure unit in order to get the angles but the use of accelerometers reduce the precision for
small angles and even the position in the body may affect the measure. Also, in [23] the laser
sensor are used to analyze the body sway but the sensors have to be moved in order to take
different measures in different people. On the other hand, the laser sensor have high resolution.

The following table summarize the sensors used in some researches regarding to postural sway.

Table 6.1: Some sensors used to measure the postural sway.[28]

Sensor Type Postural Stability Measures Modality

Inertial Sensor
Freq: 128Hz
Shank

RMS acceleration Anteroposterior Dynamic
Postureog-
raphy

3D Accelerometer
Freq: 20 Hz Ster-
num Front pelvis,
Back pelvis

RMS acceleration For sum of ster-
num accelerations For sum of front
pelvis accelerations For sum of back
pelvis accelerations RMS Jerk For
sum of sternum accelerations

Gait

3D Accelerometer
Freq: 113 Hz
Lower back

Length of sway Maximum sway dis-
tance Mean sway distance Maxi-
mum linear velocity

Quite
Stance

1D Gyroscopes
Freq: 200 Hz
Anterior shank
2D Gyroscopes
Freq: 200 Wirst

Maximum Angular velocity ratio Gait

3D Accelerometer
Freq:100 Hz

Harmonic ratio (HR) Anteroposte-
rior (AP) Mediolateral (ML) Ver-
tical (VT) Stride regularity Stride
timing variability

Gait

The table 6.1 shows that is common the use of accelerometers to measure the postural sway,
but in this application it is not only necessary the measure of the linear displacement, also is
necessary the angular displacement. Regarding to this, is suggested to use a inertial measure
unit (IMU) to take the measures.

Most of the measures taken in the table 6.1 suggest that the sampling time to measure the postural
sway is 200Hz, and taking into account the simulation in the chapter 5, the gyroscope must be
able to measure angles less than 0.1◦. The IMU MPU6050 is able to take those kind of measures
because it have a high precision 3-Axis gyroscope (0.01◦/LSB) and a 3-Axis accelerometer (±2g).
To take the measures are necessary two sensors, one for the truck segment and another for the
leg segment.
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Chapter 6. Experiment Protocol

6.3 Validation and Adjustment

To test the model, first is necessary to introduce the height and weight of the person to be
evaluated. The model computes the optimal control for those characteristics, simulates the
natural sway and evaluates the covariance ellipse. After, the measures of the participant must
be written as a covariance ellipse and both ellipses are compared.

First case: if the person is healthy the ellipse of the measures must be similar or smaller than
the ellipse of the model. That means that the model is correct and the person has a normal or
greater balance.

Second case: if the person is healthy and the ellipse of the measures is bigger than the ellipse
of the model. That means that the model must be adjusted in order to reach the ellipse of the
healthy person.
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7 | Conclusions and Future Work

With the literature review it was possible to develop a double inverted pendulum model for
analyzing posture in sagittal position. The most influential joints in balance control are the
ankle and hip, which were selected as the two pins of the pendulum. With the model it was
possible to develop an LQR controller to stabilize the double inverted pendulum similar to that
of a human.

Then, by adding natural sensors it was possible to create an estimator taking into account the
dynamics of natural body sensors like vision, the vestibular system and proprioception. Finally,
by combining the controller and the estimator it was possible to simulate the natural roll of the
human body with similar characteristics to those described in the literature.

• As a main achievement, the double inverted pendulum model was controlled, due that the
model was designed with the anthropometric features of average people and this study
was developed using validated research from other publications, the approximated model
is suitable to continue with the balance control analysis.

• Using an estimation of the state variables based on the real sensors was possible to simulate
the approximated behavior of the human body upright position. Also, simulate the effect
in the control balance for different people based on the height and weight was possible too.

• By taking into account the anthropometric characteristics of human beings in the develop-
ment of the model, this allows to scale and modify the model according to the characteristics
of the person being assessed.

• To validate and adjust the model it is crucial to count with precise measurements; this
is why it is recommended the use of a specialized laboratory. Other sensors may be used
nonetheless results variation is a possible risk due to the complications of instrument cali-
bration for each subject studied.

• Although some authors focus on the analysis of the center of mass or center of pressure to
analyze the stability, taking these parameters is not enough for proper study because they
omit information about the actual position of body parts.

• Different uses of models such as the one developed in this project can be extended to the
development of drivers for the stabilization of bipedal robots or construction of exoskeletons
to help stabilization.

• It is not enough to address the problem theoretically, is necessary to adjust the model,
taking steps in validation on real people. Although the literature gives information about
natural sensors used in the human body, these have not yet been fully characterized and
so are critical parameters in the model’s performance.

• In order to address other characteristics of stability it is recommended that an analysis of
the posture in the frontal position and thus complete the model in three dimensions.
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