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ABSTRACT

In this paper, a setup for measuring the three-dimensional displacement field of a test object un-
dergoing controlled dynamic excitation in a vacuum chamber is presented. The setup has been
designed with porous materials in mind, yet is suitable for the measurement of anisotropic vis-
coelastic solids in general. To achieve non-contact data acquisition, a stereo high-speed camera
system measures the displacement of the foundation and of the test object. A laser Doppler vi-
brometer is used before the actual measurement to choose an excitation level that maximizes the
signal-to-noise ratio while allowing to ensure that the test object is fully relaxed and stable at the
beginning of every measurement. The setup, comprising both commercial and in-house hardware
and software solutions, addresses the challenges of measuring in vacuum with non-contact tech-
niques. All these aspects are discussed in the current paper, and preliminary results are presented.
The ultimate objective is to estimate the dynamic properties of a material using inverse methods
and the data obtained.

1 INTRODUCTION

Under vacuum conditions, many porous materials (e.g. open-cell foams) exhibit elastic and vis-
coelastic behavior that require anisotropic modelling [1]. Despite recent advances in in vacuo
measurements on porous materials using laser Doppler vibrometers and accelerometers [2], there
is a lack of results reported regarding fully contact-less measurements [3]. The most striking ad-
vantage of a contact-less measurement is relieving the test object of the mass loading effects due
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to the presence of the sensor(s). Moreover, not having to physically place sensors in contact with
the test object allows for the measurement of samples that are difficult to instrument (e.g. because
at extreme temperatures, corrosive, or simply hard to reach).

Section 2 describes in detail the kind of data output which is expected from the current exper-
imental setup, and the considerations that led to its final design. Section 3 describes the software
and hardware implementation of the system. Section 4 contains preliminary results on a poroelastic
foam showing the importance of high-quality, repeatable, automatic measurements [4].

2 DESIGNING THE SETUP

2.1 State of the art and aim of the setup

Previous work by some of the authors has been aimed towards the estimation of the dynamic prop-
erties of anisotropic poroelastic materials by model-fitting a series of measured transfer functions
obtained for a sample of foam placed in vacuum [1, 2]. The setup used in these experiments is
schematically represented in Figure 1. A shaker excites the sample at a single frequency, and
transfer functions are computed between the reference point r0 and the points ri,j (i, j = 1, 2) on
top of the seismic mass.

seismic mass

material sample

shaker
r0

r21 r22

r11 r12

Figure 1: The foam sample (in light gray) is placed between a shaker and a seismic mass. An
accelerometer measures at point r0, and a laser vibrometer at points ri,j (i, j = 1, 2).

In this experiment only the displacement in the vertical direction has been used, effectively
limiting the level of detail and separation of deformation states that could be achieved. The setup
currently under development extends the amount of input data from four points on top of the seis-
mic mass to a full, three-dimensional vector field spanning the four exposed sides of the sample and
the foundation. This is accomplished using two high-speed cameras to replace the accelerometer
and the laser vibrometer.

The aim of this experiment is twofold:

• validate the new results against the results obtained in the previous experience;

• exploit the increased resolving power and sensitivity of the new setup to improve the material
model.

This manuscript focuses on the setup itself, and will not deal with the parameter estimation nor
with the elastic behavior of the material.

2.2 Requirements of the setup

The setup should fulfill the following requirements:
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seismic mass
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Figure 2: The displacement of the foam sample is computed over its whole external surface using
an optical system. The displacement of the base (marked with a speckle pattern) is computed by
the same optical system.

• choose a suitable per-frequency excitation level that maximizes the signal-to-noise ratio
while attempting to keep the material behavior linear;

• ensure that the material is fully relaxed and steady state has been reached before starting the
measurement;

• enforce a specified level of vacuum in the chamber;

• minimize the influence of uncontrolled variables (e.g. temperature variations).

2.2.1 Auto-ranging

Unlike signals coming from accelerometers, force or pressure transducers, it is not possible to am-
plify a displacement as perceived by a video camera. In fact, the sequence of images as captured
by the camera does not yield any information in itself: once a camera and a lens have been chosen
and focused, it is only the bit depth along with the effective displacement of the object that deter-
mines the system resolving power. This, and the fact that the material tested might have a high
loss factor, implies that the dynamic strain of the sample should be kept as high as possible during
the experiment with the sample still obeying linear elasticity. In light of all this, the shaker is
excited by a pure tone in order to guarantee the maximum signal-to-noise ratio at every frequency.
Using the camera system for chosing the optimal excitation level is inconvenient for the following
reasons:

• the camera system does not return a displacement directly, lengthy data-transfer operations
and a computationally intensive post-processing are required;

• at an antiresonance and too low and excitation signal, computing the strain from the cameras
might be impossible.

Thus a scanning laser vibrometer is used instead, directly measuring velocity on the foundation
and on top of the sample. These two signals are both extremely high in information density and
require little computation (see Section 3) to provide the dynamic strain to which the sample is
subjected.
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2.2.2 Steady state waiting time

It is well-known that most porous foams have a more or less complex viscoelastic behavior under
dynamic loading. This is confirmed also by the present work, with the preliminary results (see
Section 4) shown for a melamine foam sample. To accomodate to this aspect, a steady state waiting
time is imposed between the moment the shaker is started and the moment the measurement starts.

2.2.3 Controlling the vacuum in the chamber

A vacuum pump is connected to the vacuum chamber, and needs to automatically turn on and off
according to the leak rate of the chamber. The vacuum pump should never be on during the data
acquisition phase, since it might introduce noise in the form of structural vibrations.

2.2.4 Dealing with uncontrolled variables

In order to use the high-speed cameras, the sample must be illuminated with enough light. Il-
luminating the sample with strong light might increase the temperature of the sample during the
measurement process, while the vacuum and the mounting arrangement reduce the efficacy of
conduction and convection as heat dissipation mechanisms [5]. This temperature increase might
induce trends on the results that might erroneously be attributed to an increase in frequency, if
frequencies were to be sequentially spanned from the lowest to the highest. To avoid such an oc-
currence, it is decided that all the frequencies of interest must be tested more than once and in a
random order.

3 DESCRIPTION OF THE SETUP COMPONENTS

A full schematic representation of the hardware is given in Figure 3. A detailed description of each
component follows, while the functioning of the system as a whole is described in Section 3.5.

3.1 High-speed stereo camera system

The high-speed stereo camera system is the single most important sensor of the whole setup: the
displacement data that will be used to infer the material parameters comes in fact only from the
cameras. The camera system is composed by three elements, all visible in Figure 3:

• the camera system control unit, which drives the cameras and offers an external trigger input
and the ability to record an analog signal;

• the two high-speed cameras.

3.1.1 Resolving power

The Phantom v1612 cameras are equipped with a 36-by-24mm sensor offering a resolution of
1280-by-800 pixels [6]. Paired with a 200mm Nikon macro lens offering 1:1 reproduction ratio
[7], a maximum scale factor of ≈34 pixelmm−1 is obtained [8]. The proprietary software LaVision
DaVis 8.3 resolves movements of 0.05 pixel: displacements as small as ≈1.5 µm can be in principle
measured [8, 9].

3.1.2 From sets of images to 3D displacement fields

To convert displacements in pixels into displacements in millimeters, a calibration of the camera
system needs to be performed. The calibration traditionally consists in taking multiple views of an
object whose geometry is fully known to the camera system, usually in the form of a calibration
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Figure 3: The full measurement setup. Each rectangle represents a component, with its inputs and
outputs respectively left- and right-aligned. The direction of the arrows is indicative of the way
signals travel.

plate. The features of this object are detected by the camera system software and projective geom-
etry is used to infer the parameters of a camera model, often incorporating and correcting for two
common optical aberrations: radial, and tangential distortion [8].

In the present work, the cameras and the sample are separated by a plexiglass window. The
plexiglass window is far from being optically transparent, and when the vacuum is pulled the
window bends bringing in additional, complex distortions. Unfortunately, these distortions exclude
the adoption of the conventionally used camera pinhole model, as well as the models for radial and
tangential distortion.

An ad-hoc model based on interpolating polynomials is used instead. The main idea behind
such model is that multiple, equally-spaced, coaxial views of the calibration plate are taken by the
cameras, spanning a cloud of points in the three-dimensional space and recording their position in
pixel space. A polynomial function is then computed relating points in pixel space to points in the
real, three-dimensional space [10]. For this calibration to work correctly, it is essential that:

• the calibration plate covers the whole image, because any distortion outside the volume
spanned by the calibration plate will be extrapolated, potentially introducing errors;

• the coaxial translation of the calibration plate is precise and accurate.

Details about the hardware that allows for the fulfilling of these conditions are in Section 3.3.

3.2 Scanning laser Doppler vibrometer

The scanning laser Doppler vibrometer is composed by two main elements, shown in Figure 3:

• the scanning laser head;
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• the laser vibrometer control unit, incorporating a data acquisition system and a function
generator.

The Polytec PSV software used to steer the whole system is accessible either through a graphical
user interface, or through an automation server that runs a superset of the Visual Basic program-
ming language [11]. These scripting abilities make the vibrometer control unit the ideal platform
for controlling the excitation of the sample, in the present work. To do so, the laser is aligned along
the vertical, shaking direction and aimed at the top of the sample. By measuring sequentially on
the foundation and on top of the sample, the dynamic strain of the sample can be computed and
the output level consequently adjusted. The digital output, as well as the serial port and the trigger
input, are presented in Sections 3.4.1 and 3.4.2, and discussed in more detail in Section 3.5.

3.3 Inside the vacuum chamber

The shaker and the sample are located inside the vacuum chamber, along with a rotation stage and a
translation stage. The rotation stage rotates the whole shaker assembly, in order to measure all sides
of the sample without opening the chamber. The translation stage is used before the measurement
to move the calibration plate by exact increments along a fixed direction. The calibration plate
is suspended through limp strings, so gravity ensures that it stays parallel to itself every time the
calibration plate is translated. At the hearth of the translation and rotation stages are two stepper
motors, both driven by a custom built microcontroller.

3.4 Dedicated microcontroller

The microcontroller allows for all of the hardware components to work in synergy.
Its connections are described in detail as listed from top to bottom in Figure 3.

3.4.1 Serial port

A shell is running on the serial port, allowing the user to interactively:

• steer the rotation and translation stages;

• change parameters related to the duty cycle of the vacuum pump;

• change parameters related to the duty cycle of the illumination unit.

3.4.2 Digital input and trigger output

The laser vibrometer control unit is responsible for generating the excitation signal that drives the
shaker. As such, it is also the only piece of equipment in the whole setup that assesses whether
the time to reach steady state has passed or not before a measurement can be started. To make the
rest of the setup aware of this, a “ready” signal is sent from the laser vibrometer control unit to the
microcontroller when the time to reach steady state has passed. When the microcontroller receives
such “ready” signal, it sends a TTL trigger via the trigger output to both the laser vibrometer and
the camera system. This ensures that both the cameras and the laser start measuring simultaneously
after the sample has reached steady state.

3.4.3 Stepper motors

Two separate stepper motor drivers are used to steer the unipolar stepper motors that are in the
vacuum chambers. The motors only move when explicitely asked to do so by the user via the shell
running on the serial port.
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3.4.4 High voltage section

The vacuum pump and the illumination unit need to be turned on and off at specific times during the
measurement procedure. As already noted in the design process (and in particular in Sections 2.2.3
and 2.2.4):

• light from the illumination unit heats the sample, so the unit must be on only when strictly
needed i.e. when the cameras are recording;

• the duty cycle of the vacuum pump should be such that the pressure in the vacuum chamber
is always below a chosen threshold;

• the vacuum pump should never be on when a measurement is ongoing.

The issue is solved by having the microcontroller steer two high-voltage relays, that connect and
disconnect the vacuum pump and the illumination unit to the mains as needed. The microcontroller
then turns the light on only before a trigger out signal is sent (the user can specify a pre-delay
in order to account for the heating up of the lamp) and is kept on only for the duration of the
acquisition (which can be specified by the user as well). The microcontroller takes care of never
sending a trigger out signal if the vacuum pump is running: it waits instead for the vacuum pump
to turn off, according to a user-specified duty cycle.

3.5 Software

The different parts of the system are powered by different softwares. The interoperability has
been achieved by writing tailored WWB-COM (a superset of Visual Basic) code for the laser
vibrometer control unit, and C++ code for the microcontroller. The algorithms driving every piece
of equipment are represented in a language-agnostic flowchart in Figure 8.

4 PRELIMINARY RESULTS

The time to wait for a viscoelastic material to fully relax or to reach steady state after a periodic
excitation is applied needs to be determined before starting a measurement [2]. Suitable excitation
levels need to be determined as well to ensure that the material behaves linearly. For this reason,
a series of preliminary measurements has been performed on a sample of melamine foam. Time-
dependent transfer functions are computed using synchronous demodulation, giving information
about the instantaneous amplitude and phase of the transfer function instead of its time-averaged
values [12, 13]. The transfer functions are computed between the velocity measured on top of the
sample in the shaking direction, and the voltage that is fed to the shaker. The results shown here
are obtained from the laser vibrometer and the tests are performed at atmospheric pressure.

At certain frequencies, the behavior of the sample is linear. This is the case for Figure 4,
where the amplitude of the transfer function does not significantly change for different excitation
levels. At other frequencies, the behavior of the sample is highly non-linear, as can be seen in
Figure 5. The full time record of the magnitude of the time-varying transfer function for point 5
at 240Hz is plotted in Figure 6. The causes of the sudden increase in amplitude at ≈120 s are
being investigated. While voiding linearity and time-invariance, this fascinating behavior does
not invalidate the quality of the measurement setup in itself. Instead, it emphasizes the need for
high-quality measurements and controlled environmental conditions.
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Figure 4: Transfer functions plotted against different excitation levels at 500Hz. The numbers
from 0 to 61 indicate the order in time in which the data points have been obtained. The constant
value across different voltages is an indicator of linearity.

Figure 5: Transfer functions plotted against different excitation levels at 240Hz. Changing the
excitation voltage does not yield a linearly proportional change in velocity. The numbers from 0
to 61 indicate the order in time in which the data points have been obtained.
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Figure 6: The full time record of the magnitude of the time-varying transfer function for point 5 in
Figure 5. The sudden increase in amplitude happening at ≈120 s prevents us from considering the
system as time-invariant.

Figure 7: The envelopes of the signals used to obtain the time-varying transfer functions in Fig-
ure 6. The velocity measured on top of the sample changes even though the excitation voltage is
kept constant.
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5 CONCLUSIONS

A fully automated system for full field, non-contact dynamic measurements in vacuum has been
designed and realized. Materials that would have been difficult to measure because easily altered
by the mass-loading effect of the sensors, such as lightweight open-cell foams, represent the ideal
test object for such a rig. The quality of the measurement cannot be evaluated in real time, yet
everything is optimized to maximize signal-to-noise ratio and to ensure that the sample is well-
behaved.

During such preliminary operations, an unexpected behavior of the melamine foam test sample
has been observed. Instead of speculating about the physics behind such behavior, two statements
can be safely made.

1. Melamine foam is used as a resistive acoustic absorber at frequencies well above 240Hz
[14]. As shown in Figure 4, it is at those frequency a well-behaved material that perfecty
qualifies for usage in this measurement rig.

2. A sudden increase in velocity implies an increase in displacement, which in turn means that
the signal-to-noise ratio increases for the camera system. As such, there are no additional
difficulties in acquiring the full-field displacement of the sample in time at, say, 240Hz.
However, an inverse estimation procedure such as the one used in Refs. [1, 2] is not applica-
ble in the present case.
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Figure 8. A flowchart representing the algorithms driving the equipment.
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