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1. Introduction

To carry an experimentally based study of the string's vibrations, the choice or the design of a particular procedure
depends on the string's properties as well as the global measurement context. Although researchers mostly use
electromagnetic pickup [1], electrodynamic method [2] or electric field sensing methods [3–7] in the case of a steel string,
these methods cannot be applied to other common string's materials such as gut or nylon. In this case, optical methods
should be more appropriate to obtain the string displacement by an optical tracking device [8], by a photoelectric sensor [9]
or using a high-speed camera coupled to image processing [10,11] or the string velocity through a laser doppler vibrometer
[12]. Another optical method, less intrusive, expensive and cumbersome, consists in catching the shadow of the string by
using an integrated opto-sensor [13], a photo-Darlington [14], or an analog position sensing detector [15], as well as an opto-
switch system including an infrared emitting diode coupled to a photo-transistor [16]. The latter system has been used to
measure the transverse [17,18] and longitudinal [19,20] string vibrations to analyse, for instance, nonlinear free vibrations
[21] as well as chaotic vibrations [22] of a string. This system/sensor seems to be appropriate to measure the string
displacement regardless of its material. However, it requires a difficult phase of calibration to determine the sensor
sensitivity curve to properly convert the voltage signal to displacement and to take into account the inherent nonlinearity of
the sensor [16].

A classical method to determine the sensitivity curve consists in moving the opto-switch system using a micrometer
control while a string is positioned between the diode and the photo-transistor [23,24]. The output voltage is obtained with
respect to the string position. This curve is a priori specific to each sensor and depends on the light environment. Moreover,
the simultaneous analysis of the two transverse polarizations of a vibrating string at one or at multiple points along the
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string needs multiple sensors and therefore multiple sensitivity curves. Considering for instance the investigation of a
musical stringed instrument, the multiplication of the strings to measure will imply the highlighting of numerous sensitivity
curves. This process is a tedious work that would benefit from a straightforward and accurate procedure.

In this paper, we propose a methodological framework valuable for the use of opto-switch sensors to measure precisely a
string's motion. For this purpose, we first describe the sensor operation and a model of its sensitivity curve is proposed
based on measurable parameters. Then, the use of a high-speed camera for measuring a string's motion is explained. Finally,
a comparative analysis is performed between the investigated sensor and a high-speed camera in order to point out the
advantages and the drawbacks of such a measurement method.

2. Opto-switch sensor investigation

Optoelectronic switches are mostly intended to develop non-contact switching by opaque objects passing through a slot
between a light emitter (LED) and a light detector (photo-transistor). However, a careful geometrical adjustment of the slot
allows the use of the simple functional transfer characteristic between the object position crossing the light beam and the
output current of the light detector, providing that the object's motion is of the same order of magnitude as the diameter of
the light beam. The sensor's functioning and its conditioning circuit are presented in Fig. 1.

2.1. Opto-switch sensor's description

In this subsection, the opto-switch sensor's description is illustrated with the OPB815L from OPTEK Technology Inc. It has
been chosen because of its small size, its low-cost and its beam diameter which allows the study of most of the musical
instruments' strings. However, the presented method can be generalized to other opto-switch sensors.

The on-chip optical arrangement creates an approximately parallel beam of about 1 mm diameter in the infrared range
with a peak wavelength at 890 nm. The light source is operated at a constant current of 8.2 mA, fed through a 470 Ω
resistance from a stabilized 5 V voltage supply, as shown in Fig. 1. The resulting power dissipated by the LED is less than
10 mW, corresponding to 10 percent of the maximal power dissipation as described in the data-sheet. This low current value
was chosen to offer maximum long term stability and to limit thermal reduction of LED efficiency.

The NPN photo-transistor is mounted on a traditional non-inverting common-collector (emitter follower) circuit,
ensuring a low output impedance together with a high bandwidth. According to the data-sheet, a 3 mA emitter current is
expected for full illumination of the photo-transistor for the LED polarization given above. Together with the same 5 V
voltage supply on the collector as on the LED polarization branch, the 1 kΩ emitter resistance (see Fig. 1) allows a 3–0 V
reading on the output while keeping the linear operating range of the transistor (2 V minimum collector-emitter voltage).

The emitter output is connected to an acquisition card through a 2 m coaxial cable yielding a 50 pF capacitance. While
the data-sheet does not give any specific indication, typical response time of photo-transistors such as the one used is about
τ¼ 10 μs. As a result, the bandwidth is limited by the rise time of the photo-transistor to a frequency of f cut ¼ 1=2πτ, about
16 kHz.
Fig. 1. (a) Electric circuit description with the opto-switch sensor. (b) Scheme of the sensor's beam on the photo-transistor while the string is oscillating.
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2.2. Opto-switch sensor sensitivity's modeling

In order to define the opto-switch sensor's calibration procedure, its sensitivity is modeled based on the photo-transistor
and the string properties.

The luminous flux received by the photo-transistor can be decomposed as follows:

Φp ¼ΦLED�ΦsþΦLE with Φs ¼ AsðxÞ
Ap

γΦLED; (1)

where ΦLED, ΦLE and Φs are emitted by the LED, by the light environment and absorbed by the string, respectively. γ is the
string's opacity, assumed to be homogeneous and As(x) is the area of the string's shadow on the photo-transistor along the x-
axis (see Fig. 1) of surface Ap.

Under the assumption of a homogeneous cylindrical infra-red beam and considering the photosensitive area circular and
Φp proportional to the output voltage V (see Fig. 1), we deduce

V ¼ Vp 1�AsðxÞ
Ap

γ

� �
þVLE; (2)

where Vp is the output voltage with no string in a dark room and VLE is the voltage produced by the light environment. The
ratio AsðxÞ=Ap is calculated from the area of the circular segment produced by the string shadow at the x abscissa as shown in
Fig. 1. This leads to the theoretical expression of V depending on the photo-transistor characteristics (r its radius and Vp), the
light environment (VLE) and the string's opacity (γ):

V ¼ Vp 1� γ

2
þ γ

π
arcsin

x
r

� �
þγx
πr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x

r

� �2r !
þVLE: (3)

This equation can be re-written using Vmin and Vmax which are respectively the minimal output voltage (i.e. when the
diode is covered by an opaque object) and the maximal output voltage (i.e. when the sensor's beam is not obstructed):

V ¼ Vmax�Vminð Þ 1� γ

2
þ γ

π
arcsin

x
r

� �
þγx
πr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x

r

� �2r !
þVmin: (4)

Eq. (4) shows that the output voltage of the sensor is directly related to the string's displacement and to the sensor and
string physical parameters. The photo-transistor radius r is generally given in its data-sheet. However, for non-opaque
strings, this radius is found to be 10–15 percent smaller because of the particular reflection properties of these strings. In
order to estimate the parameters values fVmin;Vmax, γg, two measurements are carried out as follows: first, Vmin and Vmax are
deduced from two straightforward measurements with an opaque object moving through the laser beam. Second, the
string's opacity γ is written as

γ ¼ Vmax�minðVÞ
Vmax�Vmin

; (5)

where min(V) is the minimal output tension (for x¼ �r) when the string studied is moving in front of the photo-transistor.
Note that as expected for an opaque string minðVÞ ¼ Vmin and γ¼1.
2.3. Uncertainty

The sensitivity of the sensor (see Eq. (4)) is estimated from physical parameters obtained by preliminary measurements.
These parameters are thus tarnished by uncertainties which may affect the sensor accuracy. In order to quantify the latter, it
is essential to compute the uncertainty on the sensors' sensitivity. From an analytical point of view, we estimate the
uncertainty of the sensitivity curve with the uncertainty propagation method [25]. Assuming that each variable has
independent random errors, it leads to

u2
c Vð Þ ¼ ∂V

∂r

� �2

uðrÞ2þ ∂V
∂γ

� �2

uðγÞ2þ ∂V
∂Vmin

� �2

uðVminÞ2þ
∂V

∂Vmax

� �2

uðVmaxÞ2 (6)

where u(r), uðγÞ, uðVmaxÞ and uðVminÞ are respectively the uncertainties of r, γ, Vmax and Vmin. Each partial derivative can be
developed from Eq. (6) as follows:

u2
c Vð Þ ¼ ðVmax�VminÞ2

4x2

π2r4
1�x2
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� �
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(7)
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Fig. 2. Experimental (dotted line) and theoretical (black line, from Eq. (3)) sensor's sensitivity for three string materials: (a) steel, (b) nylon and (c) gut.
Expanded uncertainty (grayed area) with 95% confidence interval obtained by using Eq. (6).
where uðγÞ is obtained from Eq. (5) as

uðγÞ2 ¼ 1
Vmax�Vmin

�Vmax�minðVÞ
ðVmax�VminÞ2

!2

uðVmaxÞ2þ 1
ðVmax�VminÞ2

!2

uðminðVÞÞ2þ Vmax�minðVÞ
ðVmax�VminÞ2

!2

uðVminÞ2; (8)

while uðVmaxÞ, uðminðVÞÞ and uðVminÞ are estimated by repeatability measurements. Finally, two methods are available to
determine u(r): either through a minimization process between the experimental data and the theoretical model in Eq. (4),
or according to the error estimation of the photo-transistor radius from the sensor response curve provided in the data-
sheet.

2.4. Experimental results

The sensor's sensitivity and uncertainties can now be computed. Fig. 2 shows sensitivity curves obtained for three kinds
of string material: steel, nylon and gut. Additionally, measurements performed using a micro-metrics translation system are
pictured. Experimental data are found to be very close to theoretical results for each kind of string, mainly around
�0.35 mm to 0.35 mmwhere the expanded uncertainty is minimal. Beyond these values, the model is not accurate enough
since it does not take into account the edge effects of the light on the string. Besides, the computed uncertainties are entirely
consistent with the experimental data in the validity range. Note that the transparency of the string reduces the sensitivity
of the sensor.

For accurate measurements, the optimum position of the sensor along the string length can easily be determined. Indeed,
the theoretical sensor's sensitivity gives an insight into the usable range of magnitude. This indication combined with the
maximal amplitude of the string's transverse vibration along its length (estimated through a classical string's vibration
theory [28]) determines the ideal sensor position, often close to the boundary conditions of the string.

3. Camera investigation

3.1. Object's motion detection

The high-speed camera gives access to the string motion in the two-dimensional plane (defined by the framing
directions) or in the three-dimensional space by using a mirror as in a previous study [10]. The position of a given point on
the string is detected automatically through image processing. The area of interest is defined in the first image by the user,
creating the initialization template. Its contour is detected through active-contour modeling [26], allowing the estimation of
its center's position. A new template, corresponding to the initial one, is then searched in the next image through a block-
matching algorithm model [27]. This process is recursively repeated for all images.

Movements along the x- and y-axis are directly obtained through the camera framing. They are written as

xc ¼ ~xK cos θ1; (9)

yc ¼ ~yK cos θ2; (10)

where ~x and ~y are the string's position in pixels with respect to e!x, e!y, respectively. θ1 and θ2 are the relevant angular
rotations as shown in Fig. 3. K is the conversion factor from pixel to meter.

3.2. Uncertainties

The standard uncertainties associated to the measurands xc; yc are referred to as ucðxcÞ;ucðycÞ. Assuming that each
variable has independent random errors, we can apply the propagation of uncertainties formula [25] to Eqs. (9) and (10). We
4



Fig. 3. High-speed camera setup referred to the (y,z) plane (a) and on the (x,z) plane (b).
can estimate the set of parameters fθ1; θ2;Kg and their combined standards measurement uncertainties through geometrical
estimation and repeatability uncertainties obtaining ucðθ1Þ ¼ ucðθ2Þ ¼ 0:35○ and ucðKÞ ¼ 8� 10�6 m=px.

To estimate the uncertainty induced by the image processing (ucð ~xÞ and ucð ~yÞ), several sources of error have to be
considered: the accuracy of the algorithm implemented, its sensitivity to the signal-to-noise ratio in images, and the
influence of the user defining the area of interest in the first image. The robustness of the detection method for the peak
signal-to-noise ratio (PSNR) was evaluated within the addition of a white noise with zero mean and finite variance (from 0
to 0.27) to the image's sequence. In the present case, since raw sequences are preprocessed in order to improve the contrast
in images, the mean PSNR value during the tracking object process is of about 20 dB, which corresponds to
ucð ~xÞ ¼ ucð ~yÞ ¼ 0:05 px. Finally, the measurement uncertainties may be written as

ucðxcÞ2 ¼ ð cos θ1Kucð ~xÞÞ2þð cos θ1 ~xucðKÞÞ2þð sin θ1Kucðθ1ÞÞ2; (11)

ucðycÞ2 ¼ ð cos θ2Kucð ~yÞÞ2þð cos θ2 ~yucðKÞÞ2þð sin θ2Kucðθ2ÞÞ2: (12)

Experimental parameters θ1, θ2 and K can thus be minimized to improve measurements uncertainties. As the two angles θ1
and θ2 are dependent on the experimental setup and the conversion factor K is related to the image resolution, the
uncertainties are directly dependent on the experimental setup.

4. Comparison of the two measurement methods

In this section, a comparison between an opto-switch sensor properly calibrated by using the method proposed in
Section 2 and a high-speed camera is performed. After a description of the experimental setup, the results are discussed.

4.1. Experimental procedure

To compare the proposed methods for measurement of the transverse motion of strings, an experimental procedure has
been devised based on the measurement of a harp wound metal string (of 1.56 mm diameter) fixed on a bench test through
an opto-switch sensor (OPB815L—OPTEK Technology Inc.) and a high-speed camera (Phantom V9—Vision Research) set at
15 037 fps for a resolution of 256 px�256 px while the string oscillates at around 90 Hz.

The experimental setup is shown in Fig. 4. In order to properly measure the transverse vibration magnitude x in the valid
range as explained in Section 2.4, the opto-switch sensor is positioned at ys, close to the string's boundary. The string of
length L is plucked at y0 ¼ L=2. To obtain the highest resolution, the high-speed camera focuses on a point with a higher
displacement magnitude, referred to as yc.

For comparison purposes, the data from both measurements need to be interpreted in terms of a string vibration model,
since measurements are carried out at two different positions along the string. Therefore, the string motion is divided into
two time phases: the plucking and the free oscillation. It has been shown [10] that in the case of a finger plucking a harp
string, the string shape can be assumed to be a simple triangle during the plucking phase time, when the finger is pulling
the string from its rest position. For this time phase, the string motion measured at ys can be easily transferred at yc
homothetically.

The free oscillation is the dynamical part of the string's motion. Assuming that we have a flexible string of uniform and
linear density ρl, stretched to a tension T fixed at its ends, the transverse vibrations in the x-direction at ys is [28]

xðys; tÞ ¼ ∑
1

n ¼ 1
ðan cos ð2πf ntÞþbn sin ð2πf ntÞÞΦnðysÞe�αnt (13)
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where t is the time, f n ¼ nc=2L are the eigen-frequencies, αn are the damping coefficients, Φn are the modal shapes, and an and 

bn are the modal amplitudes. Eq. (13) can be rewritten under the form of the exponential sinusoidal model:

xðys; tÞ ¼ ∑
k

n ¼ 1
An sin ð2πf ntþΨnÞe�αnt ; (14)

where all parameters (An, fn and αn) can be estimated using the ESPRIT algorithm (Estimation of Signal Parameters via
Rotational Invariance [29]). Eventually, the string's displacement at yc can be computed as follows:

x yc; t
� �¼ ∑

1

n ¼ 1

An cosΨn

ΦnðysÞ
cos 2πf nt

� ��An sinΨn

ΦnðysÞ
sin 2πf nt
� �� �

Φn yc
� �

e�αnt ; (15)

with ΦnðyÞ ¼ sin ðπny=LÞ for a string fixed at both ends, and compared to the direct measurement obtained by the high-
speed camera.

4.2. Results

Fig. 5 presents the transverse string's motion at the same point yc measured both by the high-speed camera and by the
properly calibrated opto-switch sensor. The voltage delivered by the opto-switch sensor at ys is in the range [0.22 V–0.77 V],
Fig. 4. Experimental setup to compare string's motion measurement through high-speed camera and opto-switch sensor.

Fig. 5. String's transverse displacement estimated with the high-speed camera and the opto-switch sensor. The reported uncertainty represents a 95%
confidence interval.
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corresponding to a magnitude vibration of 450 μm, which is particularly adapted for the theoretical sensor's sensitivity. The
trajectory shown in Fig. 5 from the opto-switch sensor is obtained thanks to the procedure explained in Section 4.1.

Fig. 5 only presents the last 120 ms of the plucking action and the 6 first oscillation periods. The black and gray dotted
lines describe the trajectories measured respectively with the high-speed camera and the opto-switch sensor. The
trajectories are provided with their associated uncertainties computed as explained in Sections 2.3 and 3.2 with a 95
percent confidence interval. As expected, in both cases, uncertainties increase with the deviation of the string from its rest
position. In Fig. 5, the reported uncertainty of the trajectory measured with the opto-switch sensor is found to be within the
uncertainty of the trajectory measured with the high-speed camera (ucðxÞmax ¼ 4 percent). This result indicates that the
opto-switch sensor is more accurate than the high-speed camera to measure string motion in a static as well as in a dynamic
regime.

Let us now compare the advantages and the drawbacks of the two measurement procedures relative to the application.
First, as shown in Fig. 5, the accuracy of the opto-switch sensor, with the sensitivity model proposed in this paper, is better
than that of a high-speed camera in both static and dynamic phases. Indeed, as no additional equipment is needed to
measure the transverse motion of a string, there are less sources of error. Although the opto-switch sensor is a point
measurement system, the full spatial responses may be inferred in combination with a string model. Besides, the opto-
switch sensor is clearly less invasive than the high-speed camera setup because no additional light is needed. This is of great
interest to perform non-invasive measurements in a realistic functioning context. Nevertheless, the opto-switch sensor has
to be positioned for optimal performance taking into account the maximum string vibration magnitude as previously
explained.

5. Conclusion

This paper describes a straightforward procedure to precisely measure the transverse motion of a musical instrument's
string in both static and dynamic regimes. The experimental method consists in using an opto-switch sensor with a proper
calibration phase. The sensitivity curve is determined based on a physical model of the sensor in which parameters are
estimated through two straightforward measurements. Performances of this procedure are compared to those of an
experimental procedure based on a high-speed camera. Results indicate that the opto-switch sensor is more accurate both
in the static phase and in the dynamic phase than the high-speed camera. Finally, an application of this sensor to a harp
string transverse motion and the determination of the initial conditions of its free oscillation is provided. This precise and
non-invasive sensor is a valuable tool to perform relevant string vibration analyses, especially in the case of musical
instruments.
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