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Abstract The skeleton is one of the winter Olympics games sports and it is the only
sport where is possible to alter the degree of contact with ice by altering the runner
stiffness. Stiffness increased by compressing the ends of the runners resulting in
less contact with the ice. Beginners prefer a runner setting with a lower stiffness for
greater stability. Experienced winter athletes will select a higher stiffness for higher
speeds, but this comes at the cost of less control of slider motion on the ice. Sliding
motion induced vibrations are not very obvious but can play a quite positive role in
reducing the sliding friction. The purpose of this research is to identify skeleton sled
vibrations that are characterized by natural frequencies of the structure and which
are characterizing sliding motion friction forces and compare them with different
runner stiffness. Analyzing the effect of structural vibrations from the sliding motion
on the ice surface first is clarified how the sliding object responds on forced oscilla-
tions. Using CAD Simulation software the first natural frequencies were detected for
skeleton sled and runners. Values were compared with laboratory measuring equip-
ment data. Practical experimentswere performed in ice track at the bobsled push-start
facility in Sigulda, Latvia and it was conducted on a straight 23.7 m long ice track
angled at α = 12°. The sliding time was measured with optical sensors at the top and
bottom of the incline after the skeleton starts from sliding from a stationary position.
This sliding time was used to calibrate the accelerometer data. Measurements were
made with portable accelerometer, it was fixed to the base plate of skeleton. Data was
processed by spectral analysis. Thenmotion and structure characterizing frequencies
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were obtained. The results were analyzed by comparing computer calculations and
simulations with practical experiments. The acceleration data analysis confirmed
that the natural frequency of skeleton sleigh structure does not change as the sleigh’s
runner stiffness changes. 3D modeling certified that the change was minimal if the
connection type was not altered. The created mathematical model for determining
natural frequencies allows to quickly and accurately determine the first modes of the
oscillations of the structure.

Keywords Winter sports · Skeleton · Structural vibrations · Induced vibrations ·
Sliding motion

1 Introduction

The structure of the skeleton sleigh is designed so that both it’s runners act as
tensioned springs between the rider and the ice surface. This is a fundamental differ-
ence to other winter sliding sports’ equipments. This means that the runners are
exposed to complex loads during the race, i.e., there are considerably greater local
deformations; the runners are pressed and bent at the entrances and exits of the track
curves; they are exposed to various vibrations while overcoming the undulations of
the ice.

One of the peculiarities of the skeleton runner’s construction is that it is possible to
adjust the tension of the runners within a certain range before the race, by tightening
the ends of the runners with a compression screw, resulting in a change of radius of
the curvature.

For example, young athletes initially select the radius of runner’s curvature to be
r = 6 mm, while experienced athletes who participate in significant races choose
the curvature between 11, 12, and even 13 mm. This means that the bigger the
radius of the curvature, the better the slideability—because the contact surface area
reduces. But the payback for reduced contact area is a decreased ability to control the
skeleton sleigh on the track curves. Athletes often risk and improve the slideability,
but therefore lose some ability to control the sleigh and may even fall. Meanwhile
winter sliding sports have certain constructive rules, which are regulated by the
international federations and institutions of the respective sports. In skeleton it is
FIBT [1].

This study was conducted at the Winter Sports Center in Sigulda Bobsled push-
start facility, in co-operation with the Latvian Olympic Skeleton team. The main
task of the study was to determine how the change of stiffness of the skeleton runner
affects the natural of the skeleton sleigh structure. Experimental measurements of
acceleration were performed for skeleton sleighs on an inclined 24 m long ice track.
After the processing of the experimental data the main dominant frequencies were
obtained. In the analysis of the data, frequencies related to the frictional motion
processes and additional frequencies related to the structure’s induced oscillations
were identified.All experimentswere performed at different runner’s stiffness values,
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which were regulated on the experiments with radius of the curvature r. In parallel,
the results were compared and analyzed with computer simulation in 3D. In addition,
a simplified mathematical model of natural frequency determination in 1D space for
6DOF chain type system has been developed.

Previous studies have been launched at the Winter Sports Center in Sigulda,
modeling the dynamics of skeleton sleigh’s sliding motion [2]. In this work two-
dimensional mathematical model describing the movement skeleton sleighs was
created. Themodel has been verified experimentally on the ice trackwith acceleration
measurement data. In thismodel, the influence ofmanyparameters on sliding velocity
has been studied in depth, such as c—stiffness of the skeleton sleigh’s runner; μ—
coefficient of friction of ice; CD—the force of aerodynamic resistance. The started
research work continued with in-depth analysis of runner’s stiffness changes. For
this purpose, the runner was divided into several elements connected with rotational
spring pins. The parameters of the spring stiffness were changed and their impact on
sliding was analyzed. The results showed a high degree of nonlinearity.

Studies related to sliding improvement in winter sports have been explicitly
discussed and summarized by Braghin et al. [3]. In all winter sliding sports, the
main task is to reduce the time spent on the track. Research began with a review of
present literature on the impact of vibration on slideability. In works [4, 5] it has
been experimentally proven that at high loading frequencies the friction coefficient
between ice or snow and the surface of the test sample significantly reduces. It was
also proven mathematically. There are vibrations excited by the dynamic component
of an externally applied normal load. The average normal contact deflection during
oscillations is smaller than the static deflection under the same average load that calls
Hertzian stiffness [6, 7]. It is shown that the maximum average friction reduction
without contact loss is approximately ten percent.

A large-scale study on skeleton sports has been carried out in the Ph.D. thesis [8].
It was analyzed how the athlete runs the start-up run and lands on the sleigh surface
and how the motion was influenced by the sliding trajectories. The accelerometer
was used for measurements of overall values, but no vibration data was analyzed.
As the skeleton’s sleigh differs significantly from the rest of winter sliding sports’
sleighs, they were not discussed in detail in this Ph.D. thesis.

In this study theoretical materials [9–13] were used for the vibration analysis
to accomplish working with the 3D modeling software SolidWorks Simulation and
mathematical calculations.Using SolidWorks Simulation the first natural frequencies
were detected for skeleton sled. Every structure has its natural frequencies of vibra-
tion called resonant frequencies. Each such frequency is characterized by a specific
shape of vibration time wave. When excited with a resonant frequency, a structure
vibrates and acquires specific shape, which is called vibrationmode. In statics natural
frequency is calculated knowing the relation between themass properties of the struc-
ture and its stiffness. During the resonance, inertial an elastic stiffness is neglected.
The sole factor controlling the vibration amplitude is damping. If damping is low,
the amplitude may rise dramatically. In real life, a structure has an infinite number
of natural frequencies and only a few of the lowest modes are important for analysis
of the response of the structure to the dynamic loading.
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2 Experiment of the Skeleton on the Ice Track and Runner
Compression Test

The experiment was conducted on a straight 23.7 m long ice track angled at α= 12°.
Figure 1 on the left shows the location of the accelerometer fixed to the underside
of the skeleton at the center of mass. For the frequency analysis, data was collected
by 3-axial portable Accelerometer X16-1D. The data recording speed was 400 Hz.
The skeleton together with added mass was slid down the ice track at the Bobsled
push-start facility in Sigulda, Latvia.

The mass of the sled is 35 kg, the added mass is 65 kg, and the weight of the
measuring device is 48 g. The sliding time was measured with optical sensors at
the top and bottom of the incline after the skeleton started sliding from a stationary
position. This sliding time was used to calibrate the accelerometer data.

Figure 2 shows the reference position when radius of the curvature is zero, r =
0 mm, the runner is completely non-tensioned, F = 0 N; and runner compression
displacement is zero,�= 0 mm. There were 11 stiffness positions selected based on
the athlete’s experience. Defined range was from 7 to 12 mm with a step of 0.5 mm.
In each stiffness position, 3 runs were performed, 33 runs in total. Experiments were
designed to be done in the shortest possible time interval, in the middle of the day,
in similar weather conditions.

Fig. 1 Skeleton with portable accelerometer and the Bobsled push-start facility in Sigulda, Latvia

Fig. 2 The runner tension schematics
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Fig. 3 The runner
compression test results
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TheSkeleton runnerwas later tested in the laboratory to determine stiffness param-
eters. The experiment was performed using the material tension/compression equip-
ment Zwick/Roell Z600. The Skeleton runner was fastened to the measuring device
by fixing both of its ends. Deformations were measured after compressing the ends
of the runner to compression distance�, registering the changing radius of curvature
r, and the compression force F (Fig. 2). The resulting numerical values are shown in
Fig. 3.

3 3D Frequency Analysis for Skeleton Sledge

Analyzing the effect of vibrations on the slidingmotion on the ice surface it must first
be clarified how the sliding object responds to the forced oscillations. To perform
frequency analysis, it is necessary to simplify the model. In the Fig. 4 a simplified
finite element skeleton sled model is showed. The screws used for runner fixing at
the front are replaced by a pin connection in the model. The spring connection is
used for runner stiffness modeling. The Direct Sparse solvers were used to consider
the effect of loading on the natural frequencies and model have widely different
material properties for skeleton sled parts. For FEM mesh type is Curvature based
mesh selected with more than 4.9e4 elements.

Fig. 4 Skeleton sled model with simplified connections
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4 Mathematical Link Model of Resonant Frequencies
for the Skeleton and Slider

For the determination of the natural frequencies of the Skeleton sleighs, a simplified
one-dimensional model with 6 elements, which can be seen in Fig. 5, was created
analytically. In this type of Link system elements are connected to each other by
spring connections. The combined mass of sleigh and slider is M = 100 kg. It is
divided symmetrically into two parts: M/2 = m1 = m6. The masses are flexibly
connected with the spring of stiffness parameter c2 describing the skeleton sleigh
stiffness. The mass of the skeleton’s runners is formed as m2 = m3 = m4 = m5
= 0.3 kg. The runners’ elements are connected flexibly by the spring with stiffness
parameter c1.

In order to calculate the natural frequencies, the system of equations for all spring
connections was compiled. In addition, some harmonic force was added to one
element, in Fig. 5 example, the m3:

P3 = P0 · sin(ω · t), (1)

where P0 –applied force, N;
ω –angular frequency of the oscillations, rad;s−1;
t – time, s.
Adding a harmonic force to the system initiates the forced oscillations. Themagni-

tude of the force is not of critical importance in this case and therefore P0 was chosen
to be P0 = 1 N. Since there is no damping in the system, all elements oscillate
harmoniously with one angular frequency ω. Therefore, there is no need for the first
derivation of the system to get the velocity. Obtaining the second derivation, the
accelerations of the Link elements will be

ẍi = −Ai · ω2 · sin(ω · t), (2)

where A—amplitude, mm;
i = 1, 2, 3, sequential number of mass elements.
From Newton’s Second Law, for the Link system, after simplifications done the

system of equations is obtained:

Fig. 5 The Skeleton and
Slider Link Model
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M

2
· (−A1 · ω2

) = −c1 · (A1 − A2) − c2 · (A1 − A6);
m · (−A2 · ω2

) = −c1 · (A2 − A1) − c1 · (A2 − A3);
m · (−A3 · ω2

) = −c1 · (A3 − A2) − c1 · (A3 − A4);
m · (−A4 · ω2) = −c1 · (A4 − A3) − c1 · (A4 − A5) + P0;
m · (−A5 · ω2

) = −c1 · (A5 − A4) − c1 · (A5 − A6);
M

2
· (−A6 · ω2

) = −c1 · (A6 − A5) − c2 · (A6 − A1).

(3)

By solving the equation system (3), it is possible to find accelerations for all
elements of the amplitude outside the resonant frequencies. Accordingly, in the reso-
nant zones, the amplitudes tend to infinity. This means that the determinant of the
system (3) is equal to zero. From the equation of this determinant, by inserting c1 =
F;r−1 and c2 = F;�−1 (Fig. 3) one find:

−4.100625e71 · ω12+1.7027063782696177062e78 · ω10

−2.3305500067588630372e84 · ω8+1.173048438913584662e90 · ω6

−1.655977938480901193e95 · ω4+2.2677913365951951128e99 · ω2 = 0,

(4)

where ω—Eq. (4) roots, that correspond to the resonant frequencies.

5 Results and Discussion

Accelerometer recording signal from experiments on the ice track was processed
using the Fast Fourier Transform (FFT) software. The resulting spectral graphs are
shown in the following Figs. 6, 7, and 8. In experimental studies, the resonance
frequencies characterizing the skeleton’s and athlete’s motion were recorded by an
accelerometer. They correspond to the first peaks in the graphs of the acceleration
components Ax, Ay, and Az and those are around 5–8 Hz.

The main factors influencing the occurrence of these resonant frequencies are the
variable stiffness of the runner associated with environmental conditions, such as ice
and air temperature, changes in air pressure, and humidity. The resonant frequency
values vary nonlinearly and their shape is wavy if depending only on the stiffness.
Only oscillations affecting the construction’s structure were analyzed in this study.
For example, Fig. 6 shows that the acceleration component Ax has no resonant
peaks in the data signal. Accordingly, in the next Fig. 7, the transverse acceleration
component Ay has a significant peak shape at 15 Hz. It is important to note here that
the experimentwas carried out on the ice trackwith a specially grooved control groove
at a depth of about 2 cm (Fig. 2). This is necessary to ensure that the sleighs moved
in a straight line. Thus, there is an explanation why the acceleration component Ay in



98 M. Irbe et al.

Fig. 6 Acceleration spectrum in x-axis direction

Fig. 7 Acceleration spectrum in y-axis direction

Fig. 8 Acceleration spectrum in z-axis direction
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the y-axis direction has relatively high acceleration values, i.e., oscillations affecting
both motion and construction forms appear.

From the analysis of experimental data records, the highest and most significant
acceleration values are formed from the contact with the base. This is observed in the
spectrum of the vertical component Az shown in Fig. 8. It has been experimentally
determined how the runner’s stiffness’s parameter r influences the dispersion of the
natural frequencymeasurements (Fig. 9). From the result obtained it can be concluded
that the oscillations are on average with a frequency of about 71 Hz. The distribution
of the mean value of the natural frequency is smaller and falls within the confidence
interval.

In this study, the experimentally obtained resonant frequencies 15 and 71 Hz
acceleration Ay, Az components were compared to the 3D model simulations. The
results obtained are summarized in Fig. 10. The simulation has been done for five
different cases. That is, the runner’s tension r and the runner’s stiffness � were
varied from Low r = 6 mm and � = 3 mm to High r = 13 mm and � = 7 mm.
The diameter of the runner cross-section, dr = 16 mm, was also taken into account
when determining the stiffness of the runner. Results showed that changes in runner
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Fig. 9 Measured frequencies for skeleton sled structure vibrations in the z-axis direction depending
runner stiffness radius r
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stiffness have a negligible effect on the natural frequency of the whole skeleton sleigh
structure.

The results of 3D modeling show that increasing the spring tension increases the
natural frequency. First twenty natural frequencies of the model were determined
(Fig. 10). Similarly, 3D modeling results confirm that there is a good correlation
between the natural frequencies’ 15 and 71 Hz locations in the entire range of the 20
modes (Fig. 10).

The following additional conclusions and discussion points can be made from 3D
modeling results:

1. A different result is obtained if the runner’s spring’s connection to the skeleton
sleigh is replaced by a latching joint (curve 1_5). Here, the stiffness of the
construction’s structure increases and the number of low natural frequencies
decreases. This is due to the elasticity of the skeleton’s runner. The elastic
behavior can be verified by observing the modes’ shapes, while knowing that
the first natural frequency of the runner is at 120 Hz (determined previously after
detaching the runner from the system using a certified measuring device from
the Microlog Gx series).

2. Modes from 7 to 10 at 15 Hz (see Fig. 10) and refer to the runner’s oscillations
in the axial direction as well as one rotational oscillation in the longitudinal
direction. This proves that in the physical experiment, because of the ice grooves,
the skeleton’s runners produce such transverse oscillations that show the first
natural frequency of the model.

3. The created program calculates different forms of oscillation, but only those that
correspond to measurements from physical experiment are examined in detail.

4. The second natural frequency is themost significant, most pronounced frequency
of self-oscillations, which is determined in the physical experiment at 71 Hz, and
coincides with the calculated 3D model. This is also confirmed by the form of
oscillations shown in Fig. 11.

This picture shows two cases in which the skeleton runner on the left is connected
to a tensioned spring, while the runner on the right side is fixed to the frame. Accord-
ingly, in the fixed case, the frequency increases by 1.5 Hz. Here, for the sake of
visibility, the displacements are magnified.

The results of the analytical solution from the mathematical chain method model
(Fig. 5) were obtained by solving Eq. (4) with the angular velocity ω argument
function intersections with zero (Fig. 12).

Fig. 11 Skeleton sled Mode shapes depending on connection type
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Nr Frequency, Hz 
1 0 
2 19.69 
3 71.13 
4 134.63 
5 185.13 
6 217.57 

Fig. 12 Angular velocity function cross points with zero and resonance frequencies

All six natural frequencies of the model were analytically determined. The first
is equal to zero because there is no external elastic force. The second is 19.6 Hz,
which is 4 Hz higher than that found in the physical experiment and 3D simulations.
In turn, the main third natural frequency, which is 71.13 Hz, coincides with both
physical experimentation and 3D simulation calculations. To explain the discrepancy
should be noted that the mathematical model is 1D and does not consider transverse
oscillations.

6 Conclusions

1. From the results of the experiment, it can be concluded that when changing the
tension of the runner, the skeleton sleigh’s structure’s natural frequencies 15 Hz
and 71 do not change in the time of the motion.

2. The results of 3Dmodeling show that changing the stiffness of the runner reduces
the number of free oscillations.

3. The developed 6DOF mathematical model for determination of natural frequen-
cies of the skeleton sleigh construction allows easy and quick determination of
approximate natural frequencies knowing the skeleton runner’s stiffness’ values.

4. The accuracy of the proposedmathematicalmodel can be improved by increasing
the number of DOFs and additionally adding damping.

5. An algorithm has been developed which allows setting the optimum runner’s
tension of the skeleton sleigh before start, depending on the athlete’s weight.
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