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Abstract – In this article, the transient motion of a realistically plucked guitar string is studied experimentally
and numerically in both transversal polarizations. The frequency dependent damping and suitable initial conditions are identiﬁed in the experiment and used in a simulation. For this reason an experimental set-up consisting of a string, an excitation mechanism and two laser Doppler vibrometers is developed. The excitation
mechanism performs a realistic and reproducible plucking motion with a plectrum. Two laser Doppler vibrometers are used to measure the string oscillation transversally in two polarizations. The experimental set-up
makes it possible to measure the string’s motion under reproducible conditions and, hence, at different positions
for the same oscillation. This capability renders the identiﬁcation of suitable initial conditions, i.e., initial displacement and velocity as well as the pre-tension, for a string model possible. Furthermore, a ﬁnite element
model for the string is developed that takes into account the oscillation in both transversal planes of polarization and the coupling between them. Finally, the model results are in good agreement with the measurements.
With help of the numerical model it can be vividly shown that the coupling between the polarizations of the
oscillation is due to a torsional movement of the string on the saddle.
Keywords: Guitar string vibration, Musical instruments, Realistic plucking, LDV measurement,
Experimental study, Numerical study

1 Introduction
The acoustic guitar is a popular string instrument in
which the sound results from a mechanical process beginning with the oscillation of the plucked string. The sound
of the string is inﬂuenced by several physical effects like dispersion and damping which are difﬁcult to describe and
consider. Dispersion results from the bending stiffness of
the string and shifts the overtones to relatively higher frequencies. Moreover, the frequency dependent damping of
the string inﬂuences the oscillation to a large extend [1].
The basic mathematical model for a vibrating string is
the one-dimensional wave equation which can be found in
many textbooks. Usually, this is extended by additional
terms to include physical effects like damping or dispersion
[2–4]. A comparison of different stiff string models can be
found in Ducceschi and Bilbao [5]. Besides ﬁnite difference
simulations of these stiff string models [6, 7] digital waveguide models are a common approach [8, 9].
Speciﬁcally for the guitar, the work of Woodhouse is to
mention [1, 10]. In these publications three numerical
models, namely frequency-domain, time-domain and modal
superposition methods, for the acoustic guitar are compared

to each other and to experiments. However, the results compared to the experiment were not satisfying for a transient
measurement of the string oscillation.
Recent sophisticated string models contain the aforementioned physical features and show very realistic results
when compared to experiments. For example one study is
engaged in piano modeling and is using a Timoshenko beam
model which shows a good result for the string motion
when compared to an experiment [11]. The piano strings
are struck and not plucked and only one transversal
polarization of the string oscillation is excited and included
in the model. Furthermore, contacts with the fretboard of
a guitar are included in models and the simulation results
are shown to be in very good agreement with experiments
[12, 13]. However, to make a comparison with an experimental measurement possible, the string was excited using
a copper wire in those studies. This method produces simple
initial conditions for a numerical model but they are not
realistic.
Moreover, many publications exist on the purely experimental measurement of the string oscillation. The methods
to measure the oscillation include the electromagnetic
pickup [14], an electrodynamic method [15], or electric ﬁeld
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sensing methods [16] which are applicable to a steel string
only. In other publications optical measurement techniques
like opto-switch sensors [17], high-speed cameras [18], or
laser Doppler vibrometers (LDVs) [19] are used. On the
other hand, publications are not only concerned with the
string oscillation but also with the player and the plucking
motion which has a great inﬂuence on the instruments
sound. There have been studies about the plucking action
investigating the motion of the plectrum and the string in
a harpsichord for different plectrum shapes and plucking
strengths [20, 21]. Another study is concerned about the
plucking of a harp [22]. Nevertheless, these studies are
essentially experimental and do not include a numerical
model for the string oscillation after the excitation.
Previous studies found two eigenfrequencies very close
to each other for the string oscillation close to the bridge
of an instrument [1]. This effect can be explained by the
two polarization planes of the string’s oscillation having
slightly different effective lengths and, hence, different
eigenfrequencies. In Bank and Karjalainen [23] it is stated,
that the guitar bridge acts as a mechanical coupling device
for the two planes of polarization in the string oscillation
and causes this effect.
The aim and novel contribution of this study is, to combine the previous ﬁndings with a realistically plucked string
in a reproducible experiment and a well suited numerical
model to approximate the plucked string motion in both
transversal polarizations. Furthermore, the coupling of the
two transversal polarizations through a plain half-round
saddle is examined. To reach this goal, damping parameters
and complex initial conditions for the numerical model
must be identiﬁed from an experiment for one particular
string. Therefore, an experimental set-up with an excitation
mechanism that yields a reproducible and realistic plucking
motion is developed. The results of the numerical model are
compared with the experimental results of the realistically
plucked string. The novel contribution is not only the
method to identify the initial conditions for the entire string
using a most realistic, reproducible excitation and their
application to the numerical string model, but also the
examination of the polarization coupling in a very vivid
way through the numerical model. Finally, this procedure
results in a very good agreement of numerical simulation
and experimental measurement.

2 Experimental study
The sound of an acoustic guitar results from an interaction between the guitar body and the string through the
bridge. In this work the string shall be examined without
any inﬂuence from the guitar body. This is why a single
string is mounted on guitar-like saddles without a body.
The experiment is carried out ﬁrstly to reproducibly measure the oscillation of the string under realistic plucking
conditions. Secondly, the frequency dependent damping
ratio shall be identiﬁed, and thirdly, the coupling of the
two polarizations of the string is examined. Furthermore,
suitable initial conditions for a simulation are identiﬁed.

Figure 1. Experimental set-up of the string with two LDVs and
automatic excitation mechanism.

2.1 Experimental set-up
In the center of the experiment is a bare steel string of
an electrical guitar set (Harley Benton Valuestrings 010)
with diameter d = 0.43 mm (third string), which is highlighted in blue in Figure 1. It is clamped between two equal
brass saddles assembled in a guitar typical distance of
L = 0.65 m. The string can be tuned to the desired tension
with a machine head from a guitar. The measurement is
carried out with two LDVs of type Polytec OFV 303. One
of them measures velocity and displacement of the string
at a certain position in horizontal direction while the other
one measures the vertical displacement and velocity at the
same position. The LDVs allow an accurate measurement
of even very small displacements of the string in both
transversal polarizations.
Another central part of the experimental set-up is the
excitation mechanism displayed in Figure 2. The mechanism was built to replicate a human-like plucking of the
string with a plectrum [24]. For the experiments throughout
this paper a thin standard plectrum with thickness
d pl = 0.46 mm is used. The motor driven mechanism consists of ﬁve parts transforming the circular motion into a
realistic plucking movement. Furthermore, the mechanism
yields reproducibility in intensity, point of action and
direction of the motion [24]. To realize a ﬁne adjustable
plucking position and strength the mechanism is mounted
on a horizontally and vertically movable mechanical adjuster. Figure 3 shows the mean value and the uncertainty of
ten measured displacement signals of the vertical LDV. It
is clearly visible that the excitation mechanism produces
well-reproducible signals. Reproducible excitation yields
the advantage that the string can be excited multiple times
at the same position while the measurement can be carried
out at different positions.
2.2 Identiﬁcation of damping
Besides measuring the string oscillation at different
positions, the frequency dependent damping ratio shall be
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Figure 2. Excitation mechanism (left), schematic path of the plectrum (middle), and application of the mechanism in the experiment
(right).

Figure 3. Mean signal and 99.73% conﬁdence bound from ten measurements. The string is excited in the middle of the string and
measured at a position 15 mm beside the middle.

identiﬁed. The damping ratio is identiﬁed using the spectrogram. In a spectrogram the short-time Fourier transform of
the signal is performed multiple times for successive time
frames. The attenuation rates of the string’s eigenfrequencies can then be calculated by ﬁtting an exponential decay
to the heights of the maxima in these successive time
frames. This method was ﬁrst proposed in Hodges et al.
[25] and successfully applied to a guitar string in Mansour
[26]. In Figure 4 the resulting damping ratios are displayed
up to a frequency of 3 kHz. As expected, due to the preferably low coupling to the environment in the experiment, the
damping ratios are very low. The minimal damping ratio
fmin  0.01% is found around 1000 Hz. Earlier studies found
the minimal damping ratio at higher frequencies but this
seems to be highly dependent on the speciﬁc string and
the experimental set-up [12, 13, 26].
With the measured results, a damping model can be
ﬁtted for the later use in a simulation. In this paper the
common Rayleigh damping model which can be described
as:

1 a
þ bx ;
ð1Þ
f¼
2 x

is used resulting in a frequency dependent damping ratio f
with the coefﬁcients a and b and frequency x (see [27]).
The coefﬁcients are then ﬁtted to the experimental data
with the least-squares method. Finally this results in the
curve presented in Figure 4. The coefﬁcients are found
to be a ¼ 0:44 1=s and b ¼ 2:4  108 s. In literature,
more sophisticated models for the frequency dependent
damping of the string exist (see e.g., [28, 29]). However,
as can be seen in Figure 4 the damping curve ﬁts fairly
well to the measured data in the examined frequency
range. The limitations of the Rayleigh damping model
are discussed in Section 5.
2.3 Coupling of polarizations
When measuring the string’s two planes of polarization
simultaneously, a small difference in the frequencies of the
oscillation is observable. To make the effect visible, a very
ﬁne frequency resolution is necessary. In the conducted
experiment, the plucked string is measured for T ¼ 10 s
with a sampling rate of fs ¼ 105 Hz. This results in a sufﬁciently ﬁne frequency resolution of f ¼ 0:1 Hz. Figure 5
contains the Fourier-transformed signals of the string’s
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Figure 4. Identiﬁed damping ratios over frequency for several experiments and ﬁtted Rayleigh damping curve.

Figure 5. Fourier transformed velocity signal in the two planes of polarization.

velocity in horizontal and vertical polarization. Besides the
expected similarity in the upper plot, it is clearly visible in
the lower plot that the frequencies of the two planes of
polarization deviate from each other by about 0.2 Hz at
the ﬁrst eigenfrequency.
Another effect is visible when the orbit diagram displaying the vertical oscillation over the horizontal oscillation is
examined. Figure 6 shows the transient development of the
orbit diagram via four cycles of the oscillation within the
ﬁrst second of free oscillation. Together with a damping
effect it is clearly visible that the shape of the orbit varies
with time. The shape variation can be explained by dispersion and the small frequency difference between the two
planes of polarization.
In literature, multiple possible causes for the frequency
difference are found. Firstly, nonlinear behavior due to large

amplitudes might couple the polarizations and add further
frequencies to the spectrum [26, 30]. Secondly, the saddle
might inﬂuence the strings oscillation due to coupling of
the saddle’s vibration with the string’s vibration [30].
Furthermore, a stick-slip movement owing to friction or a
torsional movement of the string of the string on the saddle
might cause the observed effect [1, 26].
In all presented measurements the amplitudes of the
string oscillation are always smaller than the string’s diameter and, therefore, nonlinear effects are very small.
Although nonlinear effects like phantom partials cannot
be ruled out completely for higher overtones they are very
unlikely to cause the observed effect. Moreover, as examined in literature, there is inﬂuence of large displacement
on the orbit of the string but displacements would have
to be larger by at least one order of magnitude to see that
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of the string, in fact, causes this behavior while excluding all
other possible inﬂuences and, hence, this conﬁrms the
research hypothesis.

3 Numerical model
A realistic string model should include physical effects
like damping and dispersion as well as both transversal
polarizations of the string oscillation and the coupling
between them. Dispersion describes the frequency dependent wave velocity due to bending stiffness of the string
leading to slightly higher overtones in reality than the ideal
harmonic overtones [2]. The classical wave equation which
dates back to D’Alembert does not cover these phenomena.
Furthermore, most publications are only modeling a onedimensional string oscillation, but the experimental results
described in Section 4 make clear that both transversal
polarizations are necessary for a model of a realistically
plucked string. Here, a ﬁnite element (FE) model of the
string is developed using mainly Euler-Bernoulli beam
elements in the commercial software Abaqus [31].
Figure 6. Transient development of the measured orbit
diagram at four points in time close to the middle of the string.

inﬂuence [30]. Consequently, nonlinear effects are insigniﬁcant and can be ruled out as the cause for the observed
behavior. If a complete guitar was examined, it would be
evident that the oscillation of the bridge inﬂuences the oscillation of the string. However, in the presented experiment
the saddles are very rigid compared to the string and additional experiments showed clearly that the amplitude of the
saddle’s vibration is at least two orders of magnitude
smaller than the amplitude of the vibration of the string.
So in the further numerical investigation, the vibration of
the saddles is neglected.
Hence, only stick-slip friction and torsion of the string
remain as possible causes for the frequency deviation
between the polarizations. Both effects would inﬂuence the
frequency mainly in horizontal direction due to horizontal
movement on the saddle. Yet, preliminary simulations
suggested that a string slipping over the saddle causes a
different damping behavior than the one observed in the
experiments. As the string underwent a slipping movement
on the saddle, a high damping in the beginning of the oscillation occured and after a small number of cycles the string
would stick on the saddle. Therefore, for a stick-slip movement a decaying frequency difference between the two
planes of polarization was observed. On the contrary, the
measured string oscillation shows a constant frequency
difference and very small damping for a long measurement
(T ¼ 10 s) from the beginning until the end. Considering
this, the research hypothesis that a torsional movement of
the string on the saddle, rather than slipping, causes the
frequency difference between the two planes of polarization
is concluded. In the following, a numerical model is proposed
that is capable of showing vividly that a torsional movement

3.1 Mechanical model
In the following, the FE model is described taking not
only physical effects like geometrical stiffness and dispersion
into account, but also both planes of polarization and the
coupling between them. To include the effect of torsional
movement of the string on the saddle, the string model consists of three parts as can be seen in Figure 7. As the string is
plucked in the middle, symmetry is used and a half model is
created which consists of the main part of the string and a
tailpiece discretized with beam elements of type Abaqus
B31. In these elements, the Euler–Bernoulli beam model is
used which has proven to be a good model for bare steel
guitar strings [5, 12]. A Timoshenko beam model would
be another option and was investigated by the authors but
is avoided here due to numerical issues that might arise
and because the Timoshenko model only has physical
advantages for thicker strings as for example used in a piano
[5, 32].
The distribution of eigenfrequencies of a string is dependent on the tension. This stiffening effect due to tension is
included in Abaqus when using geometric nonlinearities.
Then, also nonlinear effects owing to large displacements
are included automatically. As a steel string is used in the
experiment, typical material properties for steel are used
in the model with Young’s modulus E ¼ 210 GPa, Poisson
ratio m ¼ 0:3 and density q ¼ 7900 kg=m3 . During the
dynamic simulation a Hilber–Hughes–Taylor implicit time
integrator is used with a maximum time step of
t ¼ 105 s [31].
The dimension of the main string and the tailpiece are
directly taken from the measured string. This results in a
length lmain ¼ 325 mm of the main part and the length
ltail ¼ 55 mm for the tailpiece. A round cross section with
the string’s diameter d ¼ 0:43 mm is assumed. Both parts
of the string are sufﬁciently ﬁne meshed by 128 elements
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To begin with, the tension is not applied directly but via
a longitudinal force on the model that results in a tension.
This force can be well approximated by:
2

F L ¼ qpðLDf 0 Þ ;
Figure 7. Schematical visualization of the half-string FE model
including the coupling between beam and volume elements.

in the half string and 100 elements in the tailpiece.
Although the cross section of the string is included in the
mathematical model through the moment of inertia, and
torsional stress can be calculated, geometrically the diameter of the beam model is zero. Thus, it is not possible to
describe a string performing a torsional motion with these
beam elements. This is why a small third section describing
the part of the string which is in contact with the saddle is
modeled and discretized with volume elements of type Abaqus C3D8R. The volume elements yield the advantage that
they discretize a three dimensional continuum and, hence,
this three dimensional continuum can perform a rotational
movement instead of just calculating torsional stress as is
done in the beam elements. Of course it would be possible
to discretize the whole string with volume elements but just
the small section of length lvol ¼ 1 mm must already be discretized with 10 160 elements. The three parts of the string
model are connected via kinematic constraints binding the
two lateral degrees of freedom of the adjacent node of the
beam element section to the area of the volume element
section. Figure 7 shows a schematical visualization of the
model with an exaggerated volume part. The boundary
conditions at the end of the tailpiece, the right end (middle)
of the string and the artiﬁcial contact boundary condition
are displayed as well in the ﬁgure.
On that contact piece discretized with volume elements
a small area is deﬁned as contact area with the saddle consisting of only six nodes. In this small area the two translational degrees of freedom orthogonal to the string axis are
constrained. For a small rotation, this boundary condition
is similar to the string sticking on the saddle. At the end
of the tailpiece, which is bended in the same angle of
u = 15° as in the experiment, all degrees of freedom are constrained. It is needless to say that this model comes across
quite artiﬁcially but with this model it is certainly possible
to isolate the effect of a torsional movement of the string on
the saddle which might cause the frequency difference and,
hence, the speciﬁc development of the orbit plot discussed
in Section 2.3.
3.2 Simulation procedure
The goal of the simulation is to reproduce the string
oscillation after the excitation. Therefore, suited initial
conditions consisting of an initial displacement and an
initial velocity as well as a pre-tension have to be applied
to the model [22]. In Abaqus it is not possible to apply the
initial conditions and the pre-tension directly in the same
computation step. This is why three pre-simulation steps
are carried out.

ð2Þ

where the length L, the diameter D, the density q and the
fundamental frequency f0 are easy to measure from the
experiment [14]. In the simulation the ﬁxed longitudinal
boundary condition is removed at the end of the tailpiece
and the longitudinal force is applied there. The force is
applied with the angle u = 15° to reach the desired tailpiece angle matching the one in the experiment. A static
simulation step is carried out to ﬁnd the new equilibrium.
When the step is ﬁnished, the displacements are stored and
all degrees of freedom at the supported node are restrained
such that the string cannot move longitudinally anymore.
After the ﬁrst simulation step is carried out, the initial
displacement cannot be directly imposed on the nodes of
the model anymore. This is why a transversal force is
applied on the model in a second static simulation step at
the excited node such that the required displacement of
the string is obtained. In this case, direction and magnitude
of the force are approximated from the results of the experiment. Furthermore, the initial velocity ﬁeld at the time
instant when the free oscillation of the string begins, is
obtained. This velocity ﬁeld identiﬁed in Section 4 is
applied directly to each node in a subsequent dynamic timestep. After ﬁnishing these three pre-simulation steps the
actual free oscillation of the string can be simulated.

4 Experimental identiﬁcation of initial
conditions
Next, the plucking procedure is examined to identify
suitable initial conditions. The main issue here is, ﬁnding
the time instance where the contact between plectrum
and string ends and the free oscillation begins. As a starting
point the orbit diagram at a position very close to the
excited position displayed in Figure 8 is regarded. In this
study the string is plucked in the middle. Measuring exactly
at the plucking position is technically not feasible because
the excitation mechanism does not leave room for the laser
rays. However, the string’s behavior at a position very close
to the plucking position is assumed to be very similar to
that exactly at the plucking point.
The movement of the string during the plucking procedure can be divided into four phases as highlighted in
Figure 8. In the beginning, the string sticks to the plectrum
(phase 1). After the sticking phase the string and the plectrum show alternately sticking and slipping behavior (phase
2). In the third phase the string detaches from the plectrum
and ﬁnally starts the free oscillation in the fourth phase.
In the beginning the string undergoes a slow, nearly horizontal movement indicating that the string is moving with
the plectrum. Here the plectrum is only slightly bent. After
this phase in which the string sticks to the plectrum, sticking and slipping are alternating as the plectrum is further
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Figure 8. Vertical displacement over horizontal displacement
15 mm from the plucked position.

bent in the second phase. The slipping is visible in the orbit
plot indicated by abrupt movements downwards and
slightly in horizontal direction against the plectrum movement. When the string has reached the tip of the plectrum
the detachment of the string and the plectrum begins. In
the orbit plot it is hard to identify a single speciﬁc point
in time where the string detaches from the plectrum. This
is mainly due to the lack of time information. Nevertheless,
identifying a certain time instant is necessary owing to the
need for a well deﬁned initial condition for a simulation.
A better insight in the detachment is possible with a plot
of the displacement magnitude and velocity magnitude at
the same position as visualized in Figure 9. Because the information about the direction is not included in these plots, the
stick-slip behavior of the string is hardly visible. It is solely
visible in the absolute velocity plot, in which the slipping is
indicated by small peaks around the time instances
t ¼ f12; 5; 3g ms. On the other hand, the detachment
can be found more easily. In the ideal case, one would expect
a discontinuous behavior at the detachment point. To be
speciﬁc, a sharp bend in the absolute displacement plot
and a corresponding jump in the absolute velocity are
expected. In the absolute displacement plot one can ﬁnd such
a sharp bend shortly after the global maximum at
t  0:1 ms. At the corresponding point in time the gradient in the absolute velocity plot is very high. Accordingly,
the detachment instant is deﬁned as the time instant for
which the maximum absolute displacement is reached.
In general, initial conditions consisting of initial displacement and initial velocity are necessary for the numerical
time integration of the differential equations in the simulation [22]. The initial displacement can be obtained by applying a transversal force at the plucking position statically in a
pre-simulation step. This force is then immediately turned
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off in the instant of detachment [14]. In the following the
procedure to identify the initial condition for the velocity
from the experimental data is explained. Namely, the goal
is to identify a velocity ﬁeld not only for one speciﬁc point
but for the whole string. Therefore, in the experiment the
string is excited at the same position multiple times while
the measured position varies. This is possible due to the
reproducibility that the excitation mechanism guarantees.
Subsequently, the velocity is interpolated between the
measurements and extrapolated for the not measurable part
in the middle to obtain a velocity ﬁeld for the half string
model.
In this particular case the string is excited in the middle
and the symmetry of the experimental set-up is exploited.
Hence, the string is measured at seven positions between
the plucked position and one saddle of the set-up. The other
half of the string can then be extrapolated. This results in
one velocity ﬁeld for the horizontal direction and one for
the vertical direction as well as corresponding displacement
ﬁelds which are displayed in Figure 10. The identiﬁed
velocity ﬁeld in horizontal direction is around zero near
the ends of the string and has a clear peak in the middle.
A striking fact is the change of sign in the velocity between
the axial positions x ¼ 150 mm and x ¼ 200 mm. This is
due to the fact that at this certain time instant the string
has just detached from the plectrum in the middle. This
causes the middle of the string to move in the opposite
direction as the plectrum while the outer part of the string
still moves in the same direction as the plectrum. On the
contrary, the vertical velocity ﬁeld shows only small differences between the maximum velocity in the middle of the
string and the measured point at the axial position
x ¼ 100 mm. Solely at the two most outer measured points
the velocity is considerably lower. It can be concluded
that the string detaches with a phase shift between the
horizontal and vertical movement. This phase shift then
leads to the elliptic movement visible in the orbit diagram
in Figure 8.
The displacement shape in both polarizations is similar
but not identical to the triangular shape that is expected by
an ideal pluck [2]. Hence, the approach to apply a single
force at the excited position of the string in a static simulation step is well suited to obtain the identiﬁed initial displacement. The targeted force is ﬁtted via several static
simulations in a trial and error process to match the measured displacement of the string. A good result is achieved
with the force:

 

F Th
0:104
FT ¼
¼
N;
ð3Þ
F Tv
0:130
consisting of a horizontal transversal part F T h and a
vertical transversal part F T v . This force is applied statically in a pre-simulation step and turned off before the
simulation of the free oscillation begins. Last but not
least, the longitudinal force, that results in a tension, is
calculated with equation (2). In this speciﬁc case the
fundamental frequency f0 ¼ 189 Hz has been measured
and, thus, the longitudinal force adds up to F L ¼ 70 N.
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Figure 9. Magnitude of displacement (top) and magnitude of velocity (bottom) of the string measured close to the plucking position.

Figure 10. Extrapolated velocity ﬁeld of the string in horizontal and vertical direction, the measured points are marked.

5 Comparison of simulation and experiment
In this section simulation results are shown and compared to the measurements. To begin with, Figure 11 displays the spectrograms of the measured signal and the
simulated one at the measured point close to the middle.
The eigenfrequencies of the simulation agree with the measured ones. Additionally, both spectrograms have in common that the highest amplitudes correspond to the low
odd eigenfrequencies. As the string is plucked in the middle,
one would expect the even overtones to vanish completely.
While this happens in the simulation, the experimental
result contains even overtones although with very low
amplitudes. It is worth to note that in some cases, e.g. at

the sixth overtone, the amplitude of the even overtones is
ascending during the ﬁrst half of a second. The even overtones existing in the experiment might be caused by small
nonlinear effects and because the plectrum might not hit
exactly the middle of the string. Furthermore, the identiﬁcation of the damping ratios for the simulation seems to be
successful although limitations of the Rayleigh damping
model are visible. While the ﬁrst odd eigenfrequencies ﬁt
well, the eigenfrequency at 1:7 kHz in the measurement is
decayed under the threshold of 90 dB/Hz after 0:7 s while
it is still visible after 0:8 s in the simulation. On the other
hand the eigenfrequencies above 2 kHz need roughly twice
the time in the experiment that they need in the simulation
to decay under the threshold.
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Figure 11. Spectrogram of the measured signal (left) and of the simulated signal (right).

Figure 12. First eigenmodes of the numerical half-string model in horizontal plane (top) and vertical (bottom). The part on the
saddle is magniﬁed for both modes.

Secondly, the capability of the numerical model to
approximate the torsional movement of the string on the
saddle is examined. It is expected, that the torsional movement of the string on the saddle is causing a transient
variation of the string’s orbit. Figure 12 shows the ﬁrst
two eigenmodes of the numerical string model. In the ﬁgure
the volume part of the string which is artiﬁcially bound to
the saddle is displayed as a close up. The ﬁrst mode is the

horizontal ﬁrst string eigenmode and the second mode is
the ﬁrst string eigenmode in vertical direction.
It is visible by the orientation of the mesh, that a torsion
occurs for the horizontal mode. However, the torsion is
displayed exaggeratedly. For the identiﬁed initial conditions the string is rotated around the longitudinal axis by
a = 0.27° at the position where the volume part of the string
is artiﬁcially bound to the saddle. For an ideal string it
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Figure 13. Transient development of the simulated orbit
diagram at four points in time.

would be expected that the modes in both polarizations
occur at the same eigenfrequency but, in fact, they are
parted by a frequency difference fg ¼ 0:25 Hz. This is very
similar to the frequency difference between the two planes of
polarization observed in the experiment (see Fig. 5). In
Figure 13 the orbit diagrams of four cycles within the
ﬁrst second of simulation are shown. When compared to
Figure 6, the similarity of the transient variation of the orbit
is evident. As the frequency difference between the two

polarizations is slightly larger in the simulation, the effect
of the orbit’s shape variation takes place quicker.
Finally, the transient results shall be analyzed. Therefore, the transient velocity in both polarizations close to
the plucked position is visualized. Figure 14 displays the
transient velocity horizontally and vertically in the ﬁrst
20 ms after the excitation. As described in Section 4, the
simulation begins at the point where the string detaches
from the plectrum. The simulated oscillation is very similar
to the experimental results in frequency, amplitude, and
shape of the oscillation in both polarizations. Consequently,
the identiﬁcation of the initial conditions was successful. It
is noteworthy that the only parameter that is ﬁtted in the
model is the direction and magnitude of the force that
causes the initial displacement. All other parameters are
directly identiﬁed from the experimental results.
Furthermore, Figure 15 displays the velocity after more
than half a second. The amplitude and frequency of the
simulated curve are still satisfying in this plot. Hence, not
only the initial condition but also the dispersion are well
approximated in the model. Although the shape of the
simulated curve still ﬁts well to the experiments, the limitations of the Rayleigh damping model are visible in the transients when looking at the overtones. As stated above, the
frequency difference between the two planes of polarization
is slightly larger in the simulation than in the experiment
and, hence, the simulated oscillation in vertical direction
has a small phase shift compared to the experimental one.
The highest amplitudes in the vertical velocity of experiment and simulation are split by 0:4 ms. When taking
the ﬁrst measured eigenfrequency fvmeas ¼ 227 Hz this adds
up to a frequency difference of fv ¼ 0:1 Hz between the
signals. Therefore, the transients show again, that the frequency difference in the simulation is fv ¼ 0:1 Hz larger
than in the measurement.

Figure 14. Velocity of experiment (blue) and simulation (red) in comparison directly after plucking in the middle. The string is
measured 15 mm beside the middle.
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Figure 15. Velocity of experiment (blue) and simulation (red) in comparison after 660 ms. The string is measured 15 mm beside the
middle.

6 Conclusion
In this paper, the motion of a realistically plucked guitar
string has been studied experimentally and numerically in
both transversal polarizations. Several mechanical effects
have to be taken into account. First and foremost, the
string’s damping is crucial for the sound of a string.
Secondly, especially if the transient behavior is of interest,
the stiffness of the string and the resulting dispersion has
to be taken into account. Furthermore, with a realistic
plucking motion it is very unlikely that only one transversal
polarization of the string oscillation is excited. That leads to
the need of both, an experiment with a string that can be
measured in both polarizations and a numerical model that
includes two transversal polarizations. Finally, the string
has to be measured at different positions for the same
oscillation to understand the behavior of the string as a
whole.
Therefore, an experimental set-up has been developed
that yields the possibility of high-ﬁdelity measurements of
the string oscillation in both polarizations. An excitation
mechanism has been developed that produces a realistic
and well reproducible plucking motion. This made it possible not only to measure the string’s motion but also to
examine the mechanically complex plucking motion in
detail. This capability renders the identiﬁcation of suitable
initial conditions for a numerical string model possible.
These initial conditions consisting of initial displacement
and velocity have been identiﬁed for a realistic plucking
motion. Moreover, the frequency dependent damping ratio
of the string has been identiﬁed in the experiment.
The ﬁnite element software Abaqus has been used to
model a string consisting of three parts. A multi-step simulation procedure is carried out to apply the initial conditions.
Together with the experimental set-up this sophisticated
numerical model leads to a very good approximation of
the string oscillation in both transversal polarizations for a

realistically plucked string. That is to say, the numerical
model approximates the behavior of the string very well
directly after the excitation. Even for an extended simulation time, the correlation remains very good. After more
than half a second, i.e. more than 100 cycles, both shape
and amplitude still correlate very well.
The model could be successfully used to vividly approximate the coupling between the oscillations in the two
planes of polarization. This coupling could be traced back
to a torsional movement of the string on the saddle which
causes a small frequency difference between the vertical
and the horizontal oscillation.
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