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Abstract

A system to measure and visualize the phase and intensity of an acous-
tic field over a 10 cm3 volume is presented. The design and code have been
made open source, enabling hobbyists to precisely calibrate phased acous-
tic arrays. This unlocks high precision applications of phased acoustic
arrays for DIYers.

1 Introduction

This project was motivated by a need for precisely instrumenting the behavior
of an ultrasonic phased array while attempting to replicate [3]. Commercial
equipment to measure phase and intensity of an acoustic field in a volume can
cost on the order of tens of thousands of dollars. Using a Makerbot Replicator 2,
microphone, webcam, and software, the functionality of commercial equipment
was replicated for a significantly lower cost.

2 Methodology

2.1 Overview

A webcam and microphone were attached to the extruder head of a Makerbot
Replicator 2, a 3D printer. The 3D printer was programmed with GCode to
scan in a volume, pausing for a second at each measurement point. Since GCode
does not provide feedback, a motion detection algorithm using the webcam is

Figure 1: Photo of setup. Note microphone attached to extruder and pattern
propped up to improve motion detection performance.
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used to record the start and end times of each measurement point.

The recorded sound is then processed by signal processing algorithms to es-
timate the intensity and phase of the desired frequency at each point in the 3D
volume.

The estimated intensities and phases are then fed into visualization algorithms,
designed to help find the underlying structure of the fields.

A single 1 kHz source was used for testing.

2.2 Scanning Volume

Precise control of capturing device’s position in a volume is required for this
system. 3D printers are designed from the ground up to enable this kind of
precise control. The Makerbot Replicator 2 allows users to program it with
custom GCode and has a resolution of 1µm.

The printer head was programmed to move in 1cm increments in x, y, and
z within a 10cm3 volume, giving 1000 point signals. Each point signal was one
second long, resulting in a total scan time of twenty eight minutes. A higher
resolution would significantly increase scan time, but could be necessary for
some applications.

2.3 Capturing Sound

Since GCode does not provide any kind of feedback, a motion detection algo-
rithm in OpenCV [1] had to be developed to detect when the extruder was
stationary and when it was moving. These timestamps are stored on the ma-
chine connected to the webcam.

Since we’d like to measure the phase of all point signals with respect to some
arbitrary zero phase, it is critical that we know the exact time delay between
recordings of different point signals. This is made possible by recording audio
continuously during the operation of the system, and only cropping point sig-
nals out after the entire scan is completed. However, without live processing
of data, this method limits the length of a possible scan, since raw audio data
takes up a lot of hard drive space.

Only the middle half of each point signal is used in the later stage of signal
processing, to eliminate errors due to clock drift.

All second long clips have their zero phase aligned to the zero phase of the
original signal.

2.4 Signal Processing

This system is designed for analyzing the phase and intensity of audio sources
which share the same frequency. Phase across multiple frequency sources is ill
defined.
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Figure 2: Partially transparent 3D contour map of acoustic field intensity with
1 kHz source. This visualization is helpful when viewed interactively, but diffi-
culties arise in a static image.

For each middle half of a point signal (Y ) with length y, a canonical waveform
(X) of the desired period (x) is created.

Xi = x
y

y/x∑
j=1

Yxj

The phase is defined as the index of the maximum value of the canonical wave-
form, and the intensity is defined as the sum of the absolute value of this signal.

2.5 Data Visualization

Mayavi [4] was used for the required 3D scalar field visualization.

Multiple visualization methods were explored, but only the ones which brought
out structure in the data were used. These methods were 3D contour mapping,
visualizing cross sections, and rendering of iso-surfaces.

Static images do not do these visualizations justice. See for instance Figure
2.

3 Results

The system was tested with a single 1 kHz source, and the results suggest fur-
ther room for improvement. The source was placed towards the right of the
measured field instead of the middle.

Figure 3 shows cross sections of the intensity field. It is quite obvious that
the intensity decreases in the positive y direction, but the lack of some coherent
cone-like pattern suggests that the equipment was not performing as expected.
Specifically, with a 1 kHz wave, interference within the printer bed can be ex-
pected. This could be addressed in the future by attaching the microphone to
the printer head at a distance.
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Figure 3: Cross sections of the intensity.

Figure 4: Cross sections of the phase portrait.

Figure 4 shows cross sections of the phase field. This phase portrait also
suggests interference in the low y region of the volume. If a higher frequency
were used, it should have been possible to see the phase shift from low to high
and back. A 1 kHz sound wave has a wavelength of around 30 cm, and we
can see the gradient of the phase portrait in some regions represents this. The
red blob towards the right of the phase portrait is positioned right above the
speaker, and a coherent cone is more obvious in this phase portrait.

Figure 5 is the best representation of the underlying acoustic field. There is
a very clear source on the right of this visualization. Note that all visualizations
are being done on the same data set. It would be very interesting to use this

Figure 5: Iso-surfaces of the phase portrait.
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system to instrument the interference of multiple sources, and use this visual-
ization technique to see how they interact.

4 Conclusions

The system presented shows that it is possible for hobbyists to instrument the
phase and intensity of acoustic fields with equipment which they often already
have on hand. There is room for improvement in eliminating interference, ei-
ther by increasing the size of the acoustic holding pen and/or compensating
for interference in software via acoustic simulations. A faster 3D printer is an-
other potential improvement. It would allow higher resolution scans in the same
amount of time. An omnidirectional microphone would significantly reduce all
artifacts due to misalignment.

Overall, there is room for improvement, but the system in its current state
is usable for the originally posed problem.
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