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Summary
In order to understand the physics of a bowed violin string and develop an accurate model, experimental measure-
ment of the bowed string motion is crucial. In this paper, a non-contact optical measurement system is designed
to video the three dimensional motion of a point on a bowed string using a single high speed video camera. The
designed system can directly record the string motion when bowing the strings fitted in violin without interfer-
ence for movement. An imaging processing algorithm based on the circular Hough transform is then developed
to process the recorded thousands sequential images, extracting the actual dynamic displacement of a fixed point
on the string. Other string motion characteristics such as the velocity of the bowed string are further derived
from the displacement waveforms. The tracked motion verified the predicted Helmholtz motion of the string. The
experimental results show the superior performance of the proposed technique.

PACS no. 43.75.-z, 43.75.De, 43.75.Yy

1. Introduction

Modern research on the physics of a bowed string began
with the discovery by Helmholtz, called as ‘Helmholtz
motion’. Raman then extensively investigated the charac-
teristics of the Helmholtz motion [1] and string vibration
mechanism, and presented a model to describe the dynam-
ics of bowed string vibration [2]. Using this model, Raman
was able to find various possible periodic string motions,
including the Helmholtz motion. Thereafter, many stud-
ies on the bowed string mechanism have been carried out
[3, 4, 5, 6, 7]. Recently, Knut Guettler analyzed the bowed
string multi-phonics by use of the impulse response and
Poisson summation formula [8]. In [9] a modal based iden-
tification technique, which enables the identification of the
interface force as well as the string self-excited motion
from the dynamical reactions measured at the string end
supports, was developed by making use of inverse meth-
ods and optimization techniques.

The classic physical models for the bowed string mo-
tion are the stick-slip friction model and its variants
[10, 11, 12], which were developed based on the Coulomb
friction theory. Research suggests that the stick-slip model
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is too simple to describe the string motion, such as the fric-
tional behavior of rosin. Therefore, other models such as
thermal friction model [13], were attempted. A good re-
view on the present state of knowledge about the mechan-
ics of a bowed violin string can be found in [14, 15].

In order to understand the physics of a bowed string and
develop an accurate model, experimental measurement of
the bowed string motion is crucial. However, it is very dif-
ficult to directly measure the interaction between bow and
string without interference for movement through experi-
ment [9, 16, 17, 18].

In this paper, a non-contact optical measurement sys-
tem on the basis of a single high speed video camera is
designed to directly measure the three-dimensional mo-
tion of a point on the bowed string without interference for
movement. The recorded sequential images are utilized to
track the motion of an artificial marker on the string. The
extracted motion data are further processed to analyze the
dynamic displacement, trajectory, and velocity of a fixed
point on the string.

2. Helmholtz motion of the bowed string

The Helmholtz theory predicts the motion of a bowed
string as illustrated in Figure 1. Figure 1 shows snapshots
of the string at successive instants in time. At all times it
is formed of two straight-line segments. The breakpoint
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Figure 1. Principle of Helmholtz motion.

Figure 2. The Helmholtz motion of a given point in the bowed
string. Upper: displacement; Lower: velocity.

between the segments propagates along the string at a uni-
form velocity and is reflected from the ends. The envelope
of the breakpoints is a parabola [2].

Figure 2 shows the string motion as a function of time
at a fixed point on a bowed string. Actually, at whatever
point, its displacement follows a simple sawtooth trian-
gle for an ideal Helmholtz motion. The velocity, in other
words, stays at a constant positive value Vr during the rise
time tr, and at a constant value VF during the fall time tF .
Helmholtz’s analysis shows that the ratio of the fall time
to the period T exactly equals the reduced distance XC/L
from the bridge to the point of observation (where L is the
length of the string),

tF/T = XC/L. (1)

This asymmetric waveform resulting from the pheno-
menon is often described as ‘sticking and slipping’. There
are certain departures observed in the motions of actual
strings from the ideal motion of Figure 1. A number of the
stick-slip friction models as mentioned in section 1 have
been developed to describe the Helmholtz motion with a
velocity dependent friction coefficient.

3. Experimental apparatus and methods

In order to track the three-dimensional motion of a point
on a bowed string, a novel non-contact optical measure-
ment system as shown in Figure 3 was designed. The

Figure 3. The experimental apparatus for 3D motion tracking of
a point on a bowed string.

Figure 4. Schematic of the designed optical measurement system.

whole optical system is set up in an optical anti-vibration
table. The video camera was placed by the table side us-
ing a tripod. For the convenience of our description, the
coordinate system in the measurement system is defined
as: X-axis is along the string direction in the horizontal
plane, Y -axis is perpendicular to the strings in the horizon-
tal plane, and Z-axis is the direction normal to the front
plate. A tiny knot was tied in the interesting position of
the violin string using a thin cotton thread. The knot was
used as an artificial marker and its motion was tracked by
the measuring system. In order to track the 3D motion of
the marker using one video camera, an optical measure-
ment system as illustrated in Figure 4 was designed. The
vibration of the marker C in the X–Z plane is directly shot
by the video camera. The vibration of the marker C in the
X–Y plane was reflected to the camera lens through the
optical path. The marker’s projection c� in the X–Z plane
and the marker’s projection c�� in the X–Y plane were thus
recorded simultaneously in a single image. The flat mirrors
were carefully adjusted so that c� and c�� were separated
with a suitable distance and both were in the focal plane
of the camera lens. 3D motion characteristics of the marker
can then be extracted through image processing which will
be described in section 4.

A Fastec’s HiSpce LTR2 high-speed digital video cam-
era was used in our experiment. The camera is capable of
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Table I. Parameters of the steel strings used in the violin. fF :
Fundamental frequency.

Diameter [mm] Tension [N] fF [Hz]

G 0.759 55.37 196
D 0.675 53.80 294
A 0.485 57.82 440
E 0.258 74.97 660

operating with recording speeds up to 500 frames per sec-
ond (fps) at the full resolution of 1280×1024 pixels and
optional frame rates exceeding 30,000 fps at a reduced
resolution. The strings fitted in violin in the experiment
are the Pirastro wire strings made in German, and their
nominal parameters are shown in Table I. The string effec-
tive length is 328 mm, and the density of the G-string is
ρ = 3.1 · 10−3 kg/m.

The string vibration was recorded when one of the
strings were plucked or bowed. Figure 5 shows four ex-
amples of the recorded images when bowing the G-string.
The marker’s images were magnified to increase the accu-
racy of motion tracking by adjusting the camera view and
the magnification of the camera lens. For each image in
Figure 5, the upper part tracks the marker’s motion in the
X–Y plane, and the lower part tracks the marker’s motion
in the X–Z plane.

In our experiment, it is crucial to set up the frame
rate and image resolution during videography, which have
great impact on the accuracy of motion tracking. The
frame rate is the sampling frequency in the time domain
to the string motion. For the open G-string, the fundamen-
tal resonance frequency is 196 Hz as seen in Table I. If
the frame rate is 7000 fps, 36 images will be recorded to
track one vibration period T of the string motion as shown
in Figure 2. At the full image resolution, the frame rate
can only be 500 fps. As a result, in a vibration period only
three images will be recorded. Three sampling points are
difficult to describe one sawtooth accurately. Notice that
the practical motion of the marker is not an ideal sawtooth
waveform. In order to capture the details of the practical
Helmholtz motion, high frame rates are required.

On the other hand, the image resolution determines the
sampling frequency of the string motion in the spatial do-
main. If the image resolution is too low, the marker’s po-
sitions in X-, Y -, and Z-directions in two or more time
instants (i.e., in two or more consecutive images) will not
be resolved, showing a constant position in these time in-
stants. Thus, an optimal balance between the frame rate
and image resolution has to be reached in order to ob-
tain a high motion-tracking accuracy. In our experiment,
the data were recorded at 6,650 fps with image resolution
336×480. This selection was obtained by trail-and-error,
and might not be the optimal balance. Moreover, the frame
rate setup depends on the total image pixels. Under a given
total image pixel number, a trade-off exists between reso-
lution in the x-axis and y-axis of the image. For example,
the image resolution 336×480 is more appropriate than

Figure 5. Four example images recorded when bowing the G-
string. The upper white dot is the marker image in the X-Y plane,
and the lower white dot is the marker image in the X–Z plane.

1280×126 because the dynamic displacement in the y-axis
is bigger than in the x-axis, and a larger magnification of
the camera lens can be used at the resolution 336×480. In
addition, increasing the magnification of the camera lens
can in some sense increase the accuracy of tracking the
marker as well for a given image resolution and frame rate.
However, it is not always available due to the space con-
straint of optical components setup.

4. Imaging processing for motion tracking
of the artificial marker

The high-speed video data are saved as sequential images.
In order to track the marker’s motion, its centre position
in every image is automatically extracted through image
processing. The imaging processing procedure consists of
five steps: 1) crop the recorded image to extract the regions
of interesting (ROIs). Each ROI include only one marker
image; 2) carry out thresholding operation on the cropped
image; 3) enhance the cropped image; 4) extract the cen-
troid locus of the marker using the circular Hough trans-
form; 5) track the marker’s positions in all time instants
from the recorded sequential images.

Figure 6a shows a recorded image. In order to track
the motion of the marker in the X–Z plane, we crop the
recorded image in Figure 6a to extract the ROI which is the
right-lower part. The cropped image is shown in Figure 6b.
Then a thresholding operation is applied to the cropped
image using equation (2),

Iγ =
0, IC (x, y) < γ,

IC (x, y) IC (x, y) ≥ γ.
(2)

The threshold operation is used to remove the background
noise. The threshold γ is set empirically in this paper. For
our recorded images, since the marker’s pixels have big-
ger intensity than the background, the threshold γ is set as
80% of the maximum intensity of the cropped image. The
threshold operation removes the uninterested circle shape
structures, so that the CHT will extract the centroid locus
of the marker. If the threshold γ is set to a small value, a
few centroid points from the uninterested structures might
be obtained as well. In this case, position identification is
needed to pick up the centroid locus of the marker in the
fourth step. This can usually be done efficiently by search-
ing the centriod locus in a given small region which is
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(a) (b) (c) (d)

Figure 6. Detection of the marker’s centre position. (a) A recorded image; (b) The cropped image; (c) The accumulation array image
connected with the CHT; (d) The detected marker.

estimated according to equilibrium position and the dy-
namic range of the displacement of the marker. In the third
step, filtering operation is used to smooth the thresholded
image. 2-D median filtering was performed in this paper.
Notice that histogram equalization can be further used to
enhance the image in this step if it is needed. Histogram
equalization tends to increase the contrast of the image and
produced a better result for region-based feature extrac-
tion. In this paper, no histogram equalization is applied.

A gradient based Circular Hough Transform (CHT) is
used to extract the marker’s centre position. The Hough
Transform (HT) defines a mapping from the image points
into an accumulator space (Hough space) based on the
function that describes the target shape [19, 20, 21]. The
CHT reformulates the explicit circle equation into para-
metric form, with two parameters: circle radius r and cir-
cular angle θ. The equation of a circle and HT mapping
used is as

x − x0
2
+ y − y0

2
= r2, (3)

x0 = x − r cos θ, y0 = y − r sin θ, (4)

where (x, y) denote a point locus, and (x0, y0) denote the
origin of the circle. Before the CHT, the gradient field of
the image is calculated using equation (5) and used to de-
fine the edge of the circular object,

∇Iγ (x, y) =
∂Iγ (x, y)

∂x
i +

∂Iγ (x, y)
∂y

j, (5)

where ∇Iγ (x, y) is the intensity gradient function of two
variables (x, y), i is the unit vector in the x-axis and j is
the unit vector in the y-axis. The circular Hough Trans-
form (HT) is then carried out on the thresholded image
Iγ (x, y). The gradient based circular Hough transform re-
solves the centroid locus and the radius of the artificial
marker. The Hough transform has been generalized to de-
tect arbitrary shapes as robust techniques [21]. Notice that
suitable parameters in the CHT algorithm should be set to
eliminate false detection. Figure 6c shows the accumula-
tion array which is generated in CHT. Figure 6d shows the
detected marker. Similarly, the marker in the top-right cor-
ner of Figure 6a can be detected, and the marker’s centroid
locus in the X–Z plane can then be detected.

In this study, we are only interested in the marker’s cen-
troid locus, and the radius of the marker is not our con-

cern. Moreover, we would like to point out that the CHT
can detect the marker’s centroid locus at sub-pixel reso-
lution, which is very important in this experiment. The
sub-pixel resolution is achieved in the Hough transform
because the marker’s centroid locus is calculated through
the detected marker’s edge. Although the marker’s cen-
troid locus might be in the same pixel in two digital con-
secutive images, some of the points in the marker’s edge
might be crossed to a neighbouring pixel due to the vibra-
tion in the two consecutive time instants. This is intuitively
explained as follows: suppose a 10 times higher resolution
video camera is used to video the same marker, each pixel
in the marker’s edge of the original image now becomes
10 pixels. Assume an edge point with centre locus y = 10
in the original image. The centre locus of the point should
be located in between y = 100 to 110 in the higher res-
olution image. If y = 109 in the higher resolution image
and the marker moves two pixels in the next time instant,
the centre locus of the point then becomes y = 111 in the
high resolution image. As a result, the edge point’s posi-
tion becomes y = 11 in the original image. Obviously, the
sub-pixel capability depends on the size of the marker im-
age. Study of the sub-pixel capability in depth is out of the
scope of this paper. In fact, the commercial motion track-
ing software normally has sub-pixel capability, for exam-
ple the one used in [22] has ten subdivisions within each
pixel.

The image processing algorithm described above was
implemented in the MATLAB environment. The recorded
sequential images were processed as a batch. In addition,
when cropping the images, the cropped image size should
be big enough to avoid the marker is out of the cropped
image when the marker vibrates to its maximum displace-
ment. Finally, the 3D motion tracking of the marker is ob-
tained by assembling the obtained centroids.

5. Experimental results and discussions

5.1. Motion tracking of a plucked string

The response of a plucked string with rigidly fixed ends
is a standard textbook problem [23]. The plucked string
would have a series of resonances with approximately har-
monic spacing. The frequencies will not be exactly har-
monic because of the effect of bending stiffness. Each
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Figure 7. Motion scenarion of the artificial marker when pluck-
ing the open G-string. Top: displacement at Y -direction, Bottom:
displacement at Z-direction.

string harmonic is a pair of modes, because the string
can vibrate in two different polarization planes. When the
string is couple to the violin body through the bridge, this
set of string modes will couple to the set of modes of the
violin body. For each harmonic of the string motion one
expects to see two modes, with different damping factors
because of the body coupling [24].

The motion of the artificial marker measured in our ex-
periment during plucking the open G-string is plotted in
Figures 7–11. The marker is located at 64 mm away from
the bridge. The string was plucked with a finger at 130 mm
location away from the bridge. The displacement data ex-
tracted using the proposed image processing algorithm
from 5395 sequential images are plotted in Figure 7, show-
ing the motion scenario. The initial plucking displacement
can be seen from the beginning of the waveforms in Fig-
ure 7, having displacement components in both the X–
Y plane and the X–Z plane. Thus, the plucking direc-
tion is not strictly along the Y -direction. Notice that the
displacements extracted from the recorded images are in
pixels. Through experimental calibration, the pixels were
then converted into millimeter. According to our calibra-
tion, one pixel equals 0.0264 mm in this experiment.

Figure 8 shows a close look of the displacement wave-
forms extracted from Figure 7. The total displacement
waveform in Figure 8 was obtained by combining the dis-
placement components at the X-, Y - and Z-directions.
The corresponding motion trajectory is plotted in Figure 8
as well. The velocity waveforms of the artificial marker
derived by differential operation from the displacement
waveforms are shown in Figure 9. Three points median
filtering is applied to these derived velocity waveforms
to remove the noise caused by the differential operator.
Figure 10 plots the trajectory in the velocity-displacement
plane, called as ‘phase trajectory’. The phase trajectory is
often used to characterize the dynamic vibration.
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Figure 8. Motion of the artificial marker when plucking the open
G-string. Close-look. From top to bottom: Displacements at X-,
Y - and Z-direction, total displacement, motion trajectory in the
X–Z plane.
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Figure 9. Velocity of the artificial marker when plucking the open
G-string. Top: velocity at Y -direction, Bottom: velocity at Z-
direction.

The frequency response of the plucked string, which
was obtained by applying out the Fast Fourier Transform
to the displacement waveforms in Figure 7, is presented in
Figure 11. Notice that the bandwidth of the proposed mea-
surement system is determined by the recording speed of
the video camera if the image resolution is good enough
to resolve the spatial motion of the marker in the consec-
utive time instants as described in section 3. From Fig-
ure 8, it can be seen that the image resolution is appro-
priate in our experiment because if the image resolution
is not high enough, small steps should be seen in the dis-
placement waveforms. In Figure 11, nine harmonics are
observed in the Z-direction; however only three harmon-

578

Document downloaded by  @DAEL, 2026-05-06 14:54:16 - personal use only



Zhang et al.: Motion tracking on bowed string ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 100 (2014)

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

Y Disp. (mm)

Y
V
e
lo
c
it
y
(m

/s
)

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

-0.4

-0.2

0

0.2

0.4

0.6

Z Disp. (mm)

Z
V
e
lo
c
it
y
(m

/s
)

Figure 10. Phase trajectory of the artificial marker when plucking
the open G-string. Top: trajectory in the Y –Vz plane, Bottom:
trajectory in the Z–Vz plane.
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Figure 11. Frequency response of the artificial marker when
plucking the open G-string. Top: Y -direction, Bottom: Z-direc-
tion.

ics are clearly observed in the Y -direction. Further inves-
tigation is needed to clarify this observation.

It is also interesting to note that the attenuation in the
Y -direction is much quicker than in the Z-direction ac-
cording to Figure 7. This might be due to: 1) the damping
factors in the two directions are different; 2) energy trans-
fer from the Y -direction to the Z-direction, something that
is clearly plausible, accounting for the bridge/sound-post
coupling effects on the string dynamics.
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Figure 12. Motion of the artificial marker when bowing the open
G-string. From top to bottom: Displacements at X-, Y - and
Z-direction, total displacement, motion trajectory in the Y –Z
plane.

In addition, the displacement waveforms in Figure 7
are the transient responses of the marker in the Y - and
Z-directions. The polarization behavior of the string mo-
tion mentioned above could be investigated from these
displacement waveforms. Study of the string motion in
depth using the proposed measurement method is out of
the scope of this paper.

5.2. Motion tracking of a bowed string

In this experiment, the strings were bowed by a violin
player. The bow was bowed along the Y -direction towards
the positive Y -direction in theX–Y plane in the coordinate
system as defined in section 3. If the bowing direction is
along the negative Y -direction, the extracted Y -directional
displacement waveform in the proposed measurement sys-
tem should be reversed. The distance from the bow-string
contact position to the bridge is 30 mm. The motion of
the artificial marker when bowing the open G-string is
shown in Figures 12–15. The marker was located at 64 mm
away from the bridge. The displacement waveforms in the
X-, Y -, Z-directions were obtained by processing 7101
sequential images recorded using the proposed measure-
ment system in section 3. Figure 12 shows the typical dis-
placement waveforms in the X-, Y -, Z-directions. For an
ideal string mounted on an ideal monochord, the motion
of bowed string can be regarded as the plane vibration,
only the transverse vibration should normally be consid-
ered. In practice, real strings mounted on instrument bod-
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Figure 13. Velocity of the artificial marker when bowing the open
G-string. Top: velocity at Y -direction, Bottom: velocity at Z-
direction.

ies will display coupling effects between the Y (t) andZ(t)
responses. In addition, the focal axis of the camera is not
guaranteed to be strictly along the Y -direction in our ex-
periment setup. It is also not guaranteed that the bowing
direction is kept strictly along the Y -direction in all the
time instants due to minor instability of bowing the string.
Thus, small displacement in the X-direction is observed.
The total displacement waveform in Figure 12 is obtained
by combining the three displacement components at the
X-, Y - and Z-directions. From Figure 12, the transverse
movement of the violin string is a sawtooth waveform,
which agrees with the Helmholtz motion in Figure 2.

From the total displacement waveform, the averaged vi-
bration period is 5.08 ms. Thus, the vibration frequency of
the string is 197Hz, which is very close to the fundamen-
tal frequency 196Hz expected from the excited G-string.
Furthermore, the Helmholtz motion equation (1) is veri-
fied from the total displacement waveform. The estimated
TF is equal to 1 ms. Thus, TF/T = 0.197 which is very
close to Xc/L = 64/328 = 0.195.

The motion trajectory in the Y –Z plane is plotted in
Figure 12 as well. The trajectory should be consistent with
the bow movement projected to the Y –Z plane. The de-
rived velocity waveforms from Figure 12 are plotted in
Figures 13. Figure 14 shows the trajectory of displace-
ment versus velocity. These results in Figures 12–15 agree
very well with the findings in the literature. For example,
the trajectory of displacement versus velocity in Figure 14
fairly agrees with the model prediction in the literature
[11].

The frequency response of the bowed string, which was
obtained by applying out the Fast Fourier Transform to the
displacement waveforms, is presented in Figure 15. Up to
the 8th harmonic is clearly observed in both the Y - and
Z-directions in Figure 15.

The displacement waveforms in Figure 12 also demon-
strate the sub-pixel capability of the proposed image pro-
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Figure 14. Displacement versus velocity of the artificial marker
when bowing the open G-string.
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Figure 15. Frequency response of the artificial marker when bow-
ing the open G-string. Top: Y -direction, Bottom: Z-direction.

cessing algorithm. Notice that there are 34 sampling points
in time for one sawtooth period in the presented results.
The string moves less than 2 pixels at the X-direction, 15
pixels at the Y -direction, and 10 pixels at the Z-direction
in Figure 12. Without sub-pixel capability, the sawtooth
shape would not be resolved in the X-directional displace-
ment waveform.

5.3. Discussions

The major features of the proposed measurement tech-
nique are discussed as follows:
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1. Measure the three dimensional motion of a string. A
similar work has been presented in [22], where a high
speed video camera was used to track the violin string
motion. Our measurement results seem to be much bet-
ter than the results presented in [22]. The method in [22]
measures only one plane motion. Although the string is
normally considered to be plane vibration, the three di-
mensional motion can provide us some additional infor-
mation. For example, Figure 16 shows a further close-
look to the displacement waveforms in Figure 12. It is
interesting to note that the Y -directional displacement
waveform is nearly an ideal Helmholtz motion but there
are departures at theZ-direction, particularly in the cor-
ner of the sawtooth. Moreover, if the focal axis of the
camera is not perpendicular to the X-axis, the motion
measured in one plane will be a projection of the string
motion in other plane rather than the transverse plane.

2. The proposed measurement is non-contact, and the
string motion can be tracked without interference with
the string vibration. Moreover, unlike the popular mag-
netic violin pickup which can only be used for metal
strings, the proposed technique can be used to track the
motion of any types of strings for example the nylon
string. In addition, for the magnetic violin pickup, the
finite length of the magnetic field will affect the track-
ing accuracy. For the proposed system, the motion of
a single point on the string can be accurately tracked
due to the benefits of the tiny cotton marker and image
processing algorithm.

3. The tiny cotton marker on the string is of benefit to the
tracking accuracy. In [22], no marker has been made
on the string, and the recorded video data were im-
ported into commercial software for motion analysis.
The commercial software normally tracks the motion
of an interesting point by tracking an image point with
a fixed X- position in the string of an image rather
than a physical point in the physical string. This might
generate significant errors for motion analysis because
in practice the X-position of the physical point in the
string will dynamically change as seen in Figure 12 if
the camera focal axis is not in the transverse plane of
the string vibration. In the proposed system, we track
the motion of a physical point in the string.

4. The image processing algorithm is of benefit to the
tracking accuracy due to its sub-pixel resolution.

5. By tracking the motions of multiple artificial markers
on the string, the propagation of the wave through the
string can be directly studied.

6. As discussed in section 5.1, the bandwidth of the pro-
posed measurement technique is mainly determined by
the recording speed of the video camera, thus it is lim-
ited. There are many other non-intrusive techniques that
have been used to measure the motion of the bowed
strings in the literature, such as magnetic pickup, ac-
celerometer/force sensor or laser vibrometer. Each of
these measurement techniques has their own advan-
tages and limitations, suitable for a particular study. For
example, the force sensor has been embedded in the
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Figure 16. Close look of the displacement waveforms extracted
from Figure 12. Top: displacement at Y -direction, Bottom: dis-
placement at Z-direction.

bridge, monitoring the transverse force exerted by the
moving string. It has been shown to have a very high
bandwidth, but it cannot track the motion of a point on
the bowed string directly. A comparison study for the
performance of all these techniques would be interest-
ing and useful, but out of the scope of this paper.

6. Conclusions

In this paper, a high speed video camera based non-contact
optical measurement system has been designed for accu-
rately measuring the displacement of a string when pluck-
ing or bowing a string fitted in violin. The designed system
can record three dimensional motion of the plucked/bowed
string. A circular Hough transform based image process-
ing algorithm has then been developed to process the
recorded sequential images for motion analysis. The de-
veloped image processing algorithm can extract the cen-
troid locus of an artificial marker on the string at sub-
pixel resolution. The superior performance of the devel-
oped technique has been demonstrated by experiment. The
tracked motion has verified the predicted Helmholtz mo-
tion of the string. The proposed technique provides a tool
to study the physics of a bowed string experimentally,
for example the impact of rosin. The tracking results pre-
sented in this paper can be further improved by using a
better video camera and a better lens, and an optimal bal-
ance between the frame rates and image resolution.
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