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Abstract. A two-degree-of-freedom mechanical model was developed to analyze human balancing on
rolling balance board in the frontal plane. The human nervous system is modeled as a proportional-
derivative controller with constant feedback delay. The radius R of the wheels and the board distance
h measured from the center of the wheel are adjustable parameters. Simulation results using the
mechanical model were compared with real balancing trials recorded by an OptiTrack motion capture
system. The goal of the paper is to investigate whether the two-degree-of-freedom model is accurate
enough to model the balancing task and to introduce a stabilometry parameter in order to characterize
balancing skill in case of different set of R and h. The conclusion is that the angle of the upper body
and the angle of the head also play an important role in the balancing process therefore a three- or
four-degree-of-freedom model is more appropriate.
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1. Introduction
Nowadays, in the aging society, falls related to loss
of balance are becoming the second most frequent
reason for accidental death. Therefore the analysis
and the understanding of human balancing and the
development of tools to prevent falling are more and
more important tasks in biomechanical researches.
From dynamics point of view, human balancing is

the stabilization of the human body around an un-
stable equilibrium, namely, the upright posture. The
stabilization process is controlled by the nervous sys-
tem. Processing the signals perceived by the sensory
organs, determining and realizing the necessary mus-
cle movement to maintain the balance require certain
amount of time, therefore the control concept applied
by the human nervous system can be modeled as a de-
layed feedback mechanism, where the feedback delay
corresponds to the reaction time. There are many con-
cepts to describe the control mechanism of the human
nervous system, such as proportional-derivative (PD)
feedback [1–4], proportional-derivative-acceleration
(PDA) feedback [5], clock- and event-driven inter-
mittent control [6–9], act-and-wait [10], drift-and-act
control [11] and predictor feedback [2, 5, 12]. Sen-
sory dead zones and sampled feedback mechanism
can also be involved into the model of human balanc-
ing to model the chaotic behavior of the balancing
movements [13].
Models for human balancing involves many uncer-

tain components. Besides the lack of knowledge of
the exact feedback mechanism, the control gains and
the value of the reaction time delay are all uncertain
parameters that have to be identified by some fitting

technique. The mechanical model of the human body
also involves many uncertain parameters, i.e., the
mass and the inertia of the body segments [14], and
the passive stiffness and damping at the joints [6, 15].
When human subjects are balancing on a balance
board, then the mechanical properties of the balance
board can be determined with high accuracy, there-
fore its actual parameters can be introduced into the
mechanical model. Moreover, the parameters of the
balance board applied in our research can be changed,
thus the balancing performance at different conditions
can be analyzed.
Most of the mechanical models for standing still

involve a one-degree-of-freedom model, which is an in-
verted pendulum in the sagittal plane associated with
ankle strategy [11, 16–18] and a four-bar mechanism
in the frontal plane [19–21]. Two-degree-of-freedom
models also exist in the literature, e.g., the double
inverted pendulum associated with the hip strategy
[22]. Balancing on a balance board in the frontal
plane can be described by a two-degree-of-freedom
model, since the angular position of the balance board
plays an important role in the dynamics in addition
to the position of the four-bar mechanism model of
the human body.

The goal of this paper is to determine whether the
one-degree-of-freedom four-bar mechanism model of
the human body in the frontal plane is sufficient for
dynamic models of balancing on a rolling balance
board. Stabilizability in terms of the critical delay is
compared to the balancing performance using the en-
veloping ellipse of the phase portrait as a stabilometry
parameter.
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Figure 1. Balance board, with interchangeable
wheels and adjustable board heights.

2. Balance board
The balance board can be seen in Fig. 1. Two param-
eters can be changed: the radius R of the wheels and
the distance h between the centre of the wheel and the
board. The wheels were manufactured with radius of
50, 750, 100, 125, 150, 200 and 250 mm and parameter
h can be adjusted by steps of 25 mm in case of each
wheel. Some of the wheels were manufactured with
raised edge, which means, board distance h can take
negative value.

3. Balancing task
The balancing task investigated in this paper is shown
in Fig. 2. The balancing subjects have to balance on
the balance board in the frontal plane, with stretched
legs, open eyes and clasped hands behind the back.
They have to press their foot to the board, the rela-
tive motion between the board and the feet can be
prevented this way.
Changing the wheel radius or the board distance

has an important role in terms of stabilizability of
the system. Theoretical derivations and experimental
results show that the smaller the wheel radius R and
the smaller the board distance h, the more difficult
the balancing task [23].

4. Mechanical model
A two-degree-of-freedom mechanical model was cre-
ated for the balancing task, where the human body
is modeled as a four-bar mechanism, as can be seen
in Fig. 3. The legs are two homogeneous rigid bars
and the trunk corresponds to a T-shaped rigid body
connected to the legs by ideal pins. The feet are con-
sidered to be fixed to the board, and ankles behave
as pins between the legs and the balance board. The
generalized coordinates are the angle ϕ of the trunk
relative to the balance board and the angle ϑ of the
balance board relative to the environment. The con-
trol concept of the human nervous system is described
as a time-delayed PD controller with a constant time
delay τ , which corresponds to the reaction time of the
balancing person. According to this assumption, the
nervous system controls by signals proportional to the
angular offset and velocity of the balance board and
the human body. The control torque M is assumed
to act between the hip and the legs as indicated in

Figure 2. Balancing task, measurement setup.

Fig. 3. The passive stiffness sa and sh at the an-
kles and the hips is determined based on data from
the literature [15, 24–27] assuming that both joints
can be considered as spherical joints in case of small
rotations.

Passive damping at the joints is neglected, therefore
the equation of motion can be written as

Mq̈(t) + Sq(t) = Pq(t− τ) + Dq̇(t− τ), (1)

where M and S are the mass and the stiffness matrices,

P =
[
Pϕ Pϑ

0 0

]
, D =

[
Dϕ Dϑ

0 0

]
, (2)

are the matrices of the proportional and the derivative
gains, respectively, and

q(t) =
[
ϕ(t)
ϑ(t)

]
(3)

is the vector of generalized coordinates.
Mathematically, the equation (1) of motion is a sys-

tem of linearized delayed differential equations. The
stability analysis of the solution is performed using
the semidiscretization method [28]. There exists a
critical time delay τcrit for each combination of R and
h, if the feedback delay is larger than τcrit then there
are no Pϕ, Dϕ, Pϑ, Dϑ control gains associated with a
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Figure 3. Two-degree-of-freedom mechanical model
of balancing on a rolling balance board in the frontal
plane.
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Figure 4. Definition of angles α and β.

stable system. A stabilizability diagram can be con-
structed for each balancing subject, which shows the
critical time delay as function of the balance board
geometry (see Fig. 8). Contour lines show, that the
critical time delay decreases for smaller R and h val-
ues, which indicates that the balancing task is more
difficult. Reference [23] contains a detailed description
of the construction of the stabilizability diagram.

5. Degrees of freedom of the
human body model

In order to validate the mechanical model, the balanc-
ing subject performed 60 s long balancing trials for
a series of combinations of R and h. The arrows in

Figure 5. Time history of angle α indicated in Fig. 4
a).

Fig. 2 show the markers located on the human body
and the balance board during the measurements. An
OptiTrack motion capture system was used to record
the 3D position of the markers. The sampling fre-
quency was 120 Hz. For a fixed wheel radius R, the
halving method was used to determine the critical
value of parameter h where the subject was not able
to balance at least for 60 s.

According to the mechanical model, the whole upper
body was modeled as one rigid body. In order to
validate this assumption, two angles were specified to
measure the change in the posture of the upper body.
Angle α is the angle between the lines connecting
the markers placed on the shoulders and on the hips
(see Fig. 4 a). Angle β is the angle between the lines
connecting the markers on the shoulders and the line
connecting the midpoint of this line and the marker
on the top of the head (see Fig. 4 b). According to the
rigid upper body assumption, angles α and β should
not change during the balancing trials.
The time history of angles α and β can be seen in

Fig. 5 and Fig. 6, respectively. The mean value and the
standard deviation are indicated by red and blue lines,
respectively. The difference between the highest and
lowest value of the angles are also indicated. It can be
seen that the motion of the shoulders relative to the
hip is larger (standard deviation of 4° and maximum
difference of 13°) than the motion of the head with
respect to the upper body (standard deviation of
3° and maximum difference of 9°). Both variations
are commensurable to the angles during the balancing
trials (e.g., the angle of the legs with respect to the
balance board). This observation implies that a more
detailed multi-body model, which involves extra rigid
bodies for the upper body and the head, is more
appropriate. On the other hand, the introduction of
extra rigid bodies in the model induces more uncertain
parameters, such as the inertia of the upper body and
the head, which may strongly affect the accuracy of
the model. Therefore in the following analysis, we use
the rigid upper body model.
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Figure 6. Time history of angle β indicated in Fig. 4
b).

6. Stabilometry
Many different parameters can be found in the litera-
ture to characterize the performance during balancing
tasks, such as mean power frequency, median fre-
quency, frequency range power ratios, spectral power
AP-ML ratio, largest amplitude and corresponding
largest frequency, just to mention a few [29, 30]. In a
previous work of the authors [23], the standard devia-
tion of the balance board angle was used as a measure
of balancing skill. In this paper, a stabilometry param-
eter based on the phase portrait of the balance board
angle is introduced since the magnitude of the angle
and angular velocity of the balance board are both
related to the performance during balancing. The
angle of the balance board relative to the environment
is calculated from the position of the markers located
on the left and right corner of the wheel (Fig. 2) at
each time step. The angular velocity is determined
via discrete differentiation. An example for the corre-
sponding phase portrait is shown in Fig. 7 together
with an enveloping ellipse. The semi-major axis a and
b of the ellipse is calculated as the half of the differ-
ence between the maximum and minimum angle and
angular velocity of the balance board, respectively.

One can observe some parts on the phase portrait,
where the density of the trajectories is lower, as shown
by black in Fig. 7. These part of the trajectory are
related to the loss of concentration of the balancing
subject for a very short time and appear as larger
peaks in the time history of the balance board angle.
Before determining the ellipses, these regions caused
by these temporary effect were eliminated. First,
the normal probability density (NPD) of the balance
board angle was calculated. Then, a threshold value
of the NPD was determined and the values of the
balance board angle below this threshold were elimi-
nated. A similar process was used to filter the angular
velocity. The semi-axes and the area of the ellipse
were calculated using the filtered angle and angular
velocity.

The result of the balancing performance by the
subject can be seen in Fig. 8. Green circles refer to the
R and h pairs, where the 60 s long balancing trial was

Figure 7. Phase portrait of the balance board angle,
data filtering, and the fitted ellipse.

Figure 8. Stabilizability diagram.

successful. The diameter of the circle is proportional
to the area of the fitted ellipse. Red circles indicates
unstable trials. Grayscale indicates the critical delay
determined using the mechanical model. One can
observe, that the calculated stabilizability and the
measurement has the same tendency. The balancing
task is easier in case of larger radius and larger board
distance, which meets the personal experience and
opinion of the balancing subject.

7. Conclusions
Balancing performance by a human subject was com-
pared to the critical reaction time delay obtained by
the stabilizability analysis of the underlying mechan-
ical model. Unsuccessful balancing trials allows an
estimation of the reaction time delay of the balancing
subject. The grey scale in Fig. 8 shows that if the
reaction time is smaller than 0.85 s, then the subject
is able to balance on the lowest set of the balance
board with wheel radius R = 250 mm. Comparison
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of the value of the grey scale and the boundary be-
tween the successful and unsuccessful trials, which
is approximately parallel to the contour lines of the
stabilizability diagram, the reaction time is estimated
to be 0.68 s. According to the literature, the reaction
time associated with human posture is definitely lower
then this value. This difference can be explained by
the simplified mechanical model, i.e., the upper body
was modeled as a rigid body. A multi-body model,
which involves additional rigid bodies for the upper
body and for the head may be more appropriate. An-
other issue is that the feedback mechanism used in
this model was a delayed PD control. In the litera-
ture, other types of control concepts are also often
used to model human motor control. For instance,
PDA control [5] or predictor feedback [2, 5, 12] are
also possible candidates for the control law of human
balancing tasks.
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