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(Insert Photograph #1 large: DSA plucking string hereabouts)

Before the advent of microcomputer-based labware (MBL), “time of flight” measurements
,
 for the speed of a transverse pulse on a string required elegant apparatus. This article describes how to use an off-the-shelf MBL force sensor and a computer to perform the measurement. The data shown in this article were collected using Vernier Software’s Wireless Dynamics Sensor System and Logger Pro software
, but almost any common force sensor coupled with a computer or graphing calculator should work. You will also need about 2 m of string or elastic cord
 and a meter stick or tape measure. 

The first step is to set suitable measurement parameters
 in the data collection software. Figure 1 shows a photo of the experimental setup. The string has a loop knot which slips over the probe’s hook. The bottom end of the string is held in place by the experimenter’s foot. The probe is held with its axis perpendicular to the string, so that the probe measures the transverse force the string exerts on the hook. (The probe only measures the component of force along its axis). To take data, the experimenter zeroes the force probe, starts data collection and plucks the string
. While visible traveling pulses can be produced at low tension, moderate tension is required to produce quality force-time graphs. 

Figure 2 shows typical data for Cenco’s elastic wave cord. The first, tallest force peak comes from the pluck and subsequent peaks are caused by reflections. The time interval between peaks is the time that it takes for the pulse to travel from the probe to the fixed end of the string at your foot and back again- twice the distance from probe hook to the ground. Pulse speed can be calculated from the measured length of the string and the time information read from the graph. In the classroom, it is important to have students reflect on the implications of this graph. Many students believe that the speed of a wave or pulse decreases as its amplitude shrinks, but fail to notice that this graph contradicts their notion unless they are explicitly prompted.

(Insert figure 2 – Force-time plot from Logger Pro-- about here).

Fig.2: 
Force vs. time data of plucked string. Force peaks are evenly spaced in time, about 0.117 sec apart.

This experiment affords the opportunity to explore frequency spectrum, natural frequencies and resonance. Figure 3 shows the output from Logger Pro’s Fast Fourier Transform (FFT) routine applied to the force-time data shown in Figure 2. The frequency of the lowest peak on the FFT graph corresponds to the round trip travel time, but there are also peaks with higher frequencies at integer multiples of the lowest frequency that cannot be explained by a simple traveling pulse model. This experiment can also be extended to explore the relationship among tension, wave speed, string mass and length. 

(Insert figure 3 – FFT plot from Logger Pro-- about here).

Fig.3: 
Fast Fourier Transform of the data shown in Figure 2. The frequency of the lowest frequency peak (86 Hz) corresponds closely with the spacing of force peaks on the force-time graphs in Figure 2. At least seven more harmonics are clearly visible and the frequencies of these overtones are integer multiples of the fundamental.
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� 	We used Cenco’s elastic wave cord (� HYPERLINK "http://cencophysics.com/elasticwavecord50feet.aspx" �http://cencophysics.com/elasticwavecord50feet.aspx�), so that the tension could be easily controlled to study the effect of tension on pulse speed. Ordinary string also produces good force-time data.


� 	In Logger Pro, we collected data at 1000 points/s (the maximum possible for the force probe) for 1 s. Triggering was enabled, with the triggering threshold set at 0.5 N, which worked well with the Cenco elastic wave cord we used.


� 	In Logger Pro, the direction of the pluck is away from the probe for positive values of trigger threshold. Logger Pro’s default settings record positive values of force for pulls on the probe’s hook. The location of the pluck has little effect on the quality of the data, but does affect the amount of time between the first and second peaks.





