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Abstract: One of interesting applications of cables or fibres is replacement of the 
chosen rigid elements of manipulators or mechanisms by those flexible elements. The 
main advantage of this design is the achievement of a lower moving inertia, which 
leads to a higher mechanism speed and lower production costs. An inverted pendulum 
attached to a frame by two fibres serves as a typical testing system for the 
investigation of the fibres properties influence on the system dynamic response. 
Motion of the pendulum of this nonlinear system is investigated using the alaska 
simulation tool and an in-house program created in the MATLAB system. The 
influence of some parameters of the system of inverted pendulum driven by fibres has 
already been investigated. In this paper the check of not exceeding the permissible 
load of fibres during their acting under dynamic loading is given. From the tested 
fibres the “light” fibre made of thin carbon fibres at Czech Technical University in 
Prague is considered for the checking. Maximum permissible load was measured at 
the University of West Bohemia. Due to the “light” fibre weight the massless fibre 
model is considered. 
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1. Introduction 

One of interesting applications of cables or fibres is the replacement of the chosen 
rigid elements of manipulators or mechanisms by those flexible elements [1]. The 
main advantage of this design is the achievement of a lower moving inertia, which 
can lead to a higher machine speed and lower production costs. Drawbacks can be 
associated with the fact that cables should be only in tension [2,3] in the course of 
a motion. The possible cable modelling approaches should be tested and their 
suitability verified in order to create efficient mathematical models of cable-based 
manipulators mainly intended for the control algorithm design. An inverted 
pendulum driven by two fibres attached to a frame (see Fig. 1) is a simplified 
representation of a typical cable manipulator. The motion of the pendulum of this 
nonlinear system is investigated using the alaska simulation tool and using an 
in-house software created in the MATLAB system. The influence of certain 
parameters of the system of inverted pendulum driven by fibres has already been 
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investigated. The influence of the actuated fibres motion on the pendulum motion in 
the case of their simultaneous harmonic excitation was investigated in [4], in the 
case of non-symmetric harmonic excitation it was investigated in [5]. The effect of 
the fibres preload on the pendulum motion was investigated in [6], the effect of the 
fibres’ mass on the pendulum motion was investigated in [7]. Validation of 
permissible load of fibres during their acting under dynamic loading (on the basis of 
research report [8]) is checked in this paper. Simultaneous harmonic excitation is 
considered. 

2. Possibilities of the cable modelling 

The cable (fibre, wire etc.) modelling [9] should be based on considering the cable 
flexibility and the suitable approaches can be based on the flexible multibody 
dynamics (see [10]). The simplest way how to incorporate cables in equations of 
motion of a mechanism is the force representation of a cable (e.g. [11]). It is 
assumed that the mass of cables is small to such an extent comparing the other 
moving parts that the inertia of cables is negligible with respect to the other parts. 
The cable is represented by the force dependent on the cable deformation and its 
stiffness and damping properties. This way of the cable modelling is probably the 
most frequently used model in the cable-driven robot dynamics and control. 

A more precise approach is based on the representation of the cable by 
a point-mass model (e.g. [12]). The cable can be considered either flexible or rigid. 
It has the advantage of a lumped point-mass model. The point masses can be 
connected by forces or constraints. 

In order to represent bending behaviour of cables their discretization using the 
finite segment method [10] or so called rigid finite elements [13] is possible. 
Standard multibody codes (SIMPACK, MSC.ADAMS, alaska etc.) can be used for 
this purpose. Other more complex approaches can utilize nonlinear 
three-dimensional finite elements [14] or can employ the absolute nodal coordinate 
formulation (ANCF) elements [10]. 

From the tested fibres the “light” fibre made of thin carbon fibres is 
considered for the checking of not exceeding the permissible load of fibres during 
their acting under dynamic loading. On the basis of the results in [4,7,16] in the 
system of inverted pendulum the massless model of fibres is used. 

3. Inverted pendulum 

Already mentioned inverted pendulum, which is attached and driven by two fibres 
and affected by a gravitation force, was chosen as an example of the investigation of 
fibres’ behaviour – see Fig. 1 (e.g. [4]). When the pendulum is displaced from the 
equilibrium position (i.e. “upper” position) it is returned back to the equilibrium 
position by the tightened fibre. 

The model of the system of the inverted pendulum is considered to be 
two-dimensional. The system kinematics can be described by angle ϕ (one degree of 
freedom) and prescribed kinematic excitation x(t). The equation of motion is of the 
form 
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where IA is the moment of inertia of the pendulum with respect to the axis in point A 
(see Fig. 1), α1 and α2 are angles between the pendulum and the fibres, m is the 
mass of the pendulum, g is the gravity acceleration and l is the length of the 
pendulum. The forces acting on the pendulum from the fibre 
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where kv is the fibre stiffness, bv is the fibre damping coefficient and H(·) is the 
Heaviside function. It is supposed that forces act in the fibres only when the fibres 
are in tension. 

 
Fig. 1. Inverted pendulum actuated by the fibres. 

Original length lv0 of the fibres is supposed to be constant and actual lengths 
lv1 and lv2 of the fibres should be calculated in each time 
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The kinematic excitation is given by function 

 ( )0( ) sin 2 ,x t x f tπ=  (4) 

where x0 is the chosen amplitude of motion, f is the excitation frequency and t is 
time. The influence of the excitation frequency on the pendulum motion is 
investigated. Excitation in points designated B and C (see Fig. 1) is considered to be 
symmetrical (without any mutual phase shift) and of the same amplitude x0. 

The “light” fibre made of thin carbon fibres at Department of Mechanics, 
Biomechanics and Mechatronics, Faculty of Mechanical Engineering, Czech 
Technical University in Prague (the mass of the one carbon fibre is 3.846 grams) is 
considered (in contrast to [4,5,6,17], where the wattled steel wire was considered) – 
see Fig. 2. This fibre was chosen for the check of not exceeding the permissible load 
of fibres during their acting under dynamic loading due to the fact that it is supposed 
to be used for performing the planned experiment and its stiffness characteristics are 
well known (they were measured by a tensile testing machine at Department of 
Mechanics, Faculty of Applied Sciences, University of West Bohemia [8]). Some of 
the most important model parameters (see Fig. 1) are the same as in [4,5,6,17]: 
l = 1 m, a = 1.2 m, d = 0.75 m, IA = 3.288 kg⋅m2 and m = 9.864 kg. Stiffness 
kv = 120.543⋅103 N/m and damping coefficient bv = 5⋅10−4⋅kv N⋅s/m differ from 
[4,5,6,17]. Stiffness kv is calculated on the basis of [8], where it is called 
“approximation min – max”. 

The natural frequency of the linearized system of the inverted pendulum in 
equilibrium position is 19.4 Hz. 

 
Fig. 2. “Light” fibre made of thin carbon fibres. 



 

4. Simulations results 

The kinematic excitation amplitude (defined by Eq. (4)) x0 = 0.02 m was chosen (as 
in [4-7]). Excitation frequency f was considered in the range from 0.1 Hz to 200 Hz. 

Time histories and extreme values of the force in the fibres and of pendulum 
angle ϕ (maximum value of static angular displacement of pendulum is ϕ = 1.52°; 
minimum value of static angular displacement of pendulum is logically ϕ = –1.52°) 
are the monitored quantities. Simulation time is 3 seconds (it differs from 
[4,5,6,7,16,17], where the simulation time was 10 seconds). It was tested that after 
this period the character of the system response to the kinematic excitation does not 
change. Selected results of the numerical simulations are presented in Figs 3 to 8. 

Extreme values of pendulum angle ϕ in dependence on excitation frequencies 
are given in Fig. 3, extreme values of forces acting in fibres in dependence on 
excitation frequencies are given in Fig. 4. Selected time histories of pendulum angle 
and corresponding force acting in (right) fibre obtained at various parameters of 
system of inverted pendulum model are given in Figs 5 to 8. 

From the results obtained (see Figs 3 to 8) it is evident that the pendulum 
motion is influenced by the excitation frequency (it is known from [4,5,6,7,16,17] 
already). 

 
Fig. 3. Extreme values of time histories of pendulum angle ϕ in dependence on excitation 
frequencies. 

As to the character of the course of forces acting in fibres the expected results 
were verified (see Fig 4). The greatest forces act in fibres (maximum force 
34 768 N) at maximum values of pendulum angle ϕ, i.e. at excitation frequencies in 
the neighbourhood of the pendulum natural frequency 19.4 Hz. The same is valid for 
spring components of these forces. Naturally, damping components of forces acting 



 

in fibres are the highest (besides at excitation frequencies in the neighbourhood of 
the pendulum natural frequency) at the highest excitation frequencies. 

The maximum quasi-static force acting in the fibre before its breaking, which 
was determined by tensile testing machine in [8] (sample B), is 1 069 N. 

From the obtained results it is evident that for the considered conditions of 
kinematic excitation of fibres (x0 = 0.02 m), the “light” carbon fibre is not suitable. 
Dynamic forces acting in the fibres considerably exceed maximum quasi-static 
forces in the fibre determined by tensile testing machine. It is necessary to use other 
fibres (it will be investigated) or change conditions of kinematic excitation of fibres 
(the suitable calculated kinematic excitation amplitude for “light” carbon fibres 
x0 = 0.002 m; in addition, upper limit of the excitation frequencies is too high for the 
practical use in manipulators) or change some parameters of the system of the 
inverted pendulum (e.g. the moment of inertia of the pendulum). 

 
Fig. 4. Extreme values of time histories of forces acting in fibres in dependence on excitation 
frequencies. 

 

  
Fig. 5. Time history of pendulum angle 
ϕ [deg], excitation frequency f = 17 Hz. 

Fig. 6. Time history of force [N] acting in 
fibre 1, excitation frequency f = 17 Hz. 



 

  
Fig. 7. Time history of pendulum angle 
ϕ [deg], excitation frequency f = 19.4 Hz. 

Fig. 8. Time history of force [N] acting in 
fibre 1, excitation frequency f = 19.4 Hz. 

5. Conclusion 

The check of not exceeding the permissible load of fibres during their acting under 
dynamic loading is given. From the obtained results it is evident that for the 
considered conditions of kinematic excitation of fibres (x0 = 0.02 m), the “light” 
carbon fibre is not suitable. Dynamic forces acting in the fibres considerably exceed 
maximum quasi-static forces in the fibres determined by tensile testing machine in 
[8]. It is necessary to use other fibres or change conditions of kinematic excitation of 
fibres or change some parameters of the system of the inverted pendulum. 

Experimental verification of the cable dynamics within the manipulator 
systems and research aimed at measuring the material properties of further selected 
fibres are considered important steps in further research. 
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