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Abstract

Micro-cantilevers have been used for Atomic Force Microscopy to obtain topographic im-

ages of surfaces. The resolution of these images allows for individual atoms to be resolved.

In this work micro-cantilevers were studied to determine their noise spectrum. A theoretical

model was derived using the Euler-Bernoulli beam equation, hydrodynamics and thermo-

dynamics to ascertain the expected power spectral density of a micro-cantilever in a fluid

due to thermal energy. Experimental data was collected with a lock-in amplifier to measure

noise vs frequency to compare with the theoretical model. The data was used to determine

the expected uncertainty of measurements due to noise to determine if measurements can

be made in the Modified Newtonian Dynamics (MOND) regime. These results will be used

to determine the viability of using a micro-cantilever for an Earth based experiment to test

MOND.
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Chapter 1

Introduction

1.1 Introduction

As early as 1922 it was found by Jacobus Kapteyn [2] that the measured mass within

galaxies was insufficient to support radial velocities of stars at large distances from the

galactic core. A suggestion that he provided and was later developed by Fritz Zwicky [3]

was dark matter. Alternative theories have also been developed to help solve this obser-

vational discrepancy like Modified Newtonian Dynamics (MOND) by Mordehai Milgrom

[4]. MOND is a theory that postulates that Newton’s 2nd Law is inaccurate at very small

acceleration levels, below ∼ 1.2×10−10 m/s2.

Experimental tests of MOND are difficult to perform as the acceleration experienced

by the equipment is influenced by the Earth and the Sun. Experiments could be performed

using satellites where the equipment is in free fall; however, the technical requirements and

costs of such endeavours are significantly increased.

This work will explore the possibility of using an Atomic Force Microscopy (AFM)

cantilever for an Earth-based experiment to test MOND. AFM is a field of study which

uses micro-cantilevers to study the surface of materials. This equipment is sensitive to very

small deflections of the beam and can be used to create images with resolution sufficient to

identify individual atoms [5]. To determine if an AFM cantilever can be used in such a man-

ner a theoretical model of the noise of a cantilever are developed, Chapters 2 to 4. Chapter

5 will compare the theoretical model with a model for the Damped Harmonic Oscillator

(DHO) and determine the effects of a fluid on the motion of a beam. Chapters 6 and 7 dis-
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cusses the equipment that is used for data acquisition, its layout, some important features of

the equipment and how the data must be processed for it to be fit with the theoretical model.

Chapter 8 considers the experimental results for the measurements of important model fac-

tors, the noise of the equipment and the cantilevers and, the calculated acceleration noise.

Finally, chapters 9 and 10 will derive equations to determine the expected uncertainty of

acceleration measurements and the potential of a MOND experiment here on Earth.

1.2 Micro-Machined Cantilevers

The AFM was developed by Binnig, Quate and Gerber in 1985, followed by a paper

discussing their work in 1986 [6]. For their work developing the AFM, Binnig and Rohrer

won the 1986 Nobel Prize in Physics [7].

The first AFM was designed with the intent to over come an issue with the Scanning

Tunnelling Microscope (STM) which was only capable of making surface measurements of

conductors. The AFM uses a fine tip that extends down from the free end of the beam that

interacts with the inter-atomic forces to deflect a cantilever. The cantilever is moved about

the x- and y-axes in a raster pattern while the cantilever’s deflection in the z-direction is

recorded with a resolution of about 1 Å. The deflection of the cantilever at positions around

the sample are measured and the results are computationally analyzed to obtain an image

of the surface of the material [5].

There are several different methods that can be used to measure the defection of the can-

tilever. The first AFM built used the then well known scanning tunnelling microscope. The

STM was positioned, stationary, above the cantilever and the sample was moved around

underneath the cantilever. The STM was then used to measure the displacement of the can-

tilever [6, 5]. A second method, which simplifies the detection equipment, was developed

by Meyer and Amer in their 1988 paper [8]. In their study they proposed and successfully

tested what is referred to as the optical level method. The process involves reflecting a laser

off the back of the cantilever to a photosensitive detector. The deflection of the cantilever
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can then be determined based on the motion of the laser across the detector. This is the

detection system that is employed in the experimental work of this thesis.

1.3 Modified Newtonian Dynamics and Dark Matter

The first mention of dark matter as a concept applying to the rotation curves of a galaxy

was by Jacobus Kapteyn in his 1922 paper [2, 9]. During his work studying the motion of

stars in the Milky Way, he discovered that the linear velocity at distances of 2 kpc from the

center of the galaxies neared a constant value around 19.5 km/s. In a subsection labelled

“Remark. Dark Matter.,” Kapteyn proposed a simple method to measure the dark, unac-

counted for matter by considering the required mass for a given system and then dividing

that by the number of luminous stars [2]. This ratio is similar to what is used in cosmology

currently, the mass per luminosity, M/L.

The methods for determining the masses of clusters and nebulae used observations of

the luminosities and the internal rotations of those clusters and nebulae [10]. Fritz Zwicky

found that these methods were unreliable and at best could be used to determine the min-

imum mass of those bodies. He concluded nebulae and clusters required more mass to

remain stable. Zwicky introduces the term dunkele (kalte) materie [(cold) dark matter] in

1933 [3, 11]. He later uses this term in response to his studies of the Coma Cluster using

the 18-inch Schmidt telescope on Mount Palomar. The excess mass, dark matter, that he

considered in this case were “cool and cold stars, macroscopic and microscopic solid bodies

and gases” [10].

From the time of Zwicky until the late 1960s and early 1970s, the issue of the miss-

ing matter was largely misjudged. This was partially caused by the difficulty in analyzing

the data. The analysis process would employ one of several different Keplerian models.

Through the choice of which model was used and manipulation of parameters, different

astronomy groups obtained widely varying results [12]. An example of this is the compar-

ison of the results found for the rotation curve of the galaxy M31 between a Cambridge
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group, who found no issues between the model and data and thus required no dark matter,

[13, 14, 15, 16] and a separate group whose results were in direct contradiction [17].

There was a wide range of solutions suggested ranging from ionized hydrogen gas [18],

changes to the law of gravity [19, 20, 21], cosmologically created black holes [22], the pres-

ence of massive neutrinos [23] and, observational errors [24], as summarized in [12]. While

many of these possibilities have been eliminated, the search for dark matter continues.

As time progressed it seemed that the two best options to solve the missing mass prob-

lem were: dark matter that could not, or simply has not yet, been directly detected as the

source of the excess mass or that Newtonian gravity was not sufficient to describe galax-

ies and clusters [25]. One of the most dominant alternatives to Newtonian gravity was

suggested by Milgrom who considered “the time is ripe for considering alternatives to the

hidden mass hypothesis.” Milgrom proposed a theory called MOND which introduced a

function, µ(a/a0), to Newton’s law of gravity such that it took the form

aµ(a/a0) =
GM
r2 (1.1)

If the particle’s actual acceleration, a, is greater than an acceleration constant, a0, then

µ(a/a0) ≈ 1, and if a < a0 then µ(a/a0) ≈ a0/a. Through analysis of galaxies the value

of a0 was determined to be ∼ 1.2× 10−10 m/s2 [26]. This result can be solved in the

deep MOND regime, a < a0, for circular motion to obtain a relation which resembles the

baryonic Tully-Fisher relation,

v4 = GMa0. (1.2)

Milgrom found that the use of this modified law eliminated the need for dark matter in

galaxies [26]. One of the benefits of MOND, versus previous models that had been used, is

that a0 is a constant and thus was not a fitting parameter. Once a0 is determined for a range

of galaxies it should be applied to future analysis with that value, reducing the number of
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fitting parameters and the possibility of variations between different groups [25].

MOND has had success with determining the rotation curves of spiral galaxies from

just the detected matter [27] as well as galaxies scaling relations for spirals and ellipticals

[28, 29]. The theory works well to determine the rotation curves using only the mass that is

detected; that is, stars, brown dwarfs, Jupiters and clouds [9]. It is capable to solve not only

the general trends of the rotation curves, for example the approach to asymptotic velocities

are large radii, but also the specific details of individual galaxies. Sanders and McGaugh

use MOND to analysis roughly 100 different galaxies and their results found that MOND

is not significantly different from observations in over 90% of those galaxies. For some

galaxies, there is so much observational data and the model is accurate enough that they

completely over lap and the MOND model is hidden by the data [25]. In the case of some

tidal dwarf galaxies, results show MOND can describe the rotation curves better than the

cold dark matter model [30, 31].

The success of MOND also extends to small groups of galaxies and some super-clusters

like the Perseus-Pisces filament. MOND’s ability to explain these kinematics is thanks to

the low acceleration rates which can be as small as a few percent of a0 [32]. MOND’s

success with clusters, and not simply individual galaxies, lends support to the idea of con-

sidering alternatives to the dark matter theory [33].

Gerbal et al. [34] found there is a mass discrepancy based on observations of 8 X-ray

emitting clusters, specifically when dealing with the cores. Aguirre et al. [35] found the

same issue for a sample of galaxy clusters and Lyα absorbers. A challenge for MOND

when dealing with rich clusters, especially in the core, is that the acceleration rates are in

excess of a0 and thus they are not in the MOND regime [28, 29]. Supporters of MOND,

like Sanders [33], have stated that if the value of a0 is increased by a factor of 3 or 4 larger

than is required for galaxies, the amount of missing matter is significantly reduced for X-

ray emitting clusters. While the required mass is reduced there can still be some missing

mass and Sanders notes that this is not strictly a contradiction or falsification of MOND as
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MOND does not strictly prohibit the use of unseen matter; it works to reduce the amount

of required unseen matter. The necessity of extra matter can be seen in X-ray and weak-

lensing observations, as found by Clowe et al. [36] and Angus et al. [37]; the latter suggests

the potential for a theory using a combination of MOND and dark matter.

1.4 Previous Tests of Modified Newtonian Dynamics

At the time of writing the author is aware of only three experiments which have been

conducted with the express intent of testing MOND. A brief discussion of each experiment

in order of decreasing acceleration levels will follow.

The first experiment was performed by Meyer et al. [38] in 2012 using a resonance cav-

ity. The experiment used a microwave resonator where the two ends of the resonator were

independent of each other and suspended by wires. Mobile masses were then introduced to

the system to cause small accelerations of the resonator ends by gravitation. The change in

distance between the resonator ends caused a shift in the resonance frequency which could

be used to determine the position of the ends. Ultimately, this experiment was not able to

probe significantly below a0 but it was able to test six different previously proposed forms

for µ(a/a0). They found that one form was incompatible with their results and that two

others were “slightly disfavoured.” The remaining three forms were found to fit the data

and are candidates for µ(a/a0).

Abramovici and Vager published a paper in 1986 [39] detailing the results of an exper-

iment to test MOND using a modified interferometer and pendulum mass that was acceler-

ated using an applied electric field. The lowest measurable acceleration was 3×10−11 m/s2

and results showed the pendulum’s motion were well described by Newtonian physics.

Results for the experiment with the lowest acceleration were published by Gundlach et

al. [40] in 2007. Measurements of a large, rotational pendulum were used to determine

the period and acceleration. These results showed that the rotation of the pendulum fit the

Newtonian expectation down to acceleration levels of 5×10−14 m/s2.
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One of the challenges of these experiments, and a major reason why they are not consid-

ered conclusive, is due to the presence of accelerations other than the Earth’s gravitational

field, this is referred to as the External Field Effect (EFE) [41]. In a 2007 study [42], Ig-

natiev showed that experiments of MOND in a non-inertial reference frame of a laboratory

cannot, in general, be done due to the EFE. Using considerations of the Earth’s motion

around the Sun and galaxy, Ignatiev calculates a window where the cumulative effects

cancel each other and accelerations due to the EFE are within the MOND regime. This

windows is about 1 s long and would work at a specific location on Earth with a surface

area of approximately 7 cm by 40 cm. In 2010, Lorenc et al. [43] proposed an idea to

make it possible to cancel the EFE at any location on Earth at any time through the use of

a gyroscope like apparatus. Their results concluded that the apparatus would create con-

ditions favourable to testing MOND for a space of up to 10−8 m2 and a time duration of

approximately 10−6 s.

1.5 MOND Experiment

The goal of this thesis is to determine the potential of an experiment in an Earth based

laboratory which is detailed by Das and Patitsas [44]. The potential experiment, hereby

referred to as “the MOND experiment”, uses measurements of the acceleration of an AFM

cantilever that is driven by a laser. The cantilever is to be mounted on a platform that

is repetitively either dropped some height or tossed up and then caught in an evacuated

drop tube. The small size of the AFM cantilevers and detector sensitivity allows for very

small deflections to be measured. It may be possible to drive the cantilever with such small

accelerations that, when in free fall, the dominant acceleration will be within the MOND

regime. The experiment must be performed in a vacuum as the acceleration of the cantilever

must be within the MOND regime for deviations from Newtonian dynamics to potentially

occur. If the experimental apparatus is dropped while in a fluid, like the atmosphere, the

drag force will cause the acceleration levels to exceed the MOND regime.
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This experiment has the potential to shed more light on the premise of MOND. A satel-

lite based experiment would allow the experiment to run over extended durations of time.

However, the cost of such an endeavour is prohibitive and finding a satellite with open space

and ideal for the experiment is challenging at best. The process of repetitive dropping or

tossing on Earth allows for a large data set to be collected. If the noise of the system is

louder than the required measurement, a large number of iterations can be used to reduce

the uncertainty to within acceptable limits. Finally, Earth based experiments also have the

great advantage of not requiring any special design considerations for vibrations during

rocket launching and any issue with the equipment can be dealt with by a human without

the need for extra-vehicular activity.

1.6 Conclusion

The process to determine the potential use of cantilevers for use in a MOND experiment

will require several topics to be studied. The Euler-Bernoulli beam equation will be derived

to described the motion of a cantilever beam in both a vacuum and a fluid. This equation will

be derived from first principles and use the vacuum results to derive the result for a fluid.

This derivation will make use of the Navier-Stokes equation to derive the hydrodynamic

function. Two results that will be obtained for a fluid will give the spectral density for

the cantilever’s position and slope. Experimental data will be collected over a broad range

of frequencies for the purposes of comparing with the model results and further analysis.

Comparisons of the model and the experimental data will provide insight as to how the

equipment used for data acquisition and the cantilever are performing. These results will

determine if there is a component that is under-performing and should be replaced by a

better system. These results will also be used to determine if measurements can be obtained

in the MOND regime with small enough uncertainty that MOND can be tested. This will

consider a variety of conditions ranging from small vacuum tubes or drop tubes to aircraft

and satellites. Finally, attempts will be made to determine if the cantilever can be driven
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at acceleration levels in the MOND regime in the lab. This will be a practical test with the

apparatus sitting on a table to determine if this is possible, before attempts may be made

with the equipment in free fall in the future.

The cantilever’s motion will be measured during an experiment where it is driven by

a laser. The results for both the noise and driven experiments will be used to consider

the possibility of using an AFM cantilever for an experiment to test MOND. The potential

experiment will be considered in three different environments; in an evacuated chamber

where the experiment is tossed up and caught repeatedly, in an evacuated chamber where

the equipment can be dropped repeatedly or, in space upon a satellite where the experiment

can be left running for an extended duration of time.
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Chapter 2

Vibrations of a Beam: A) without
Dissipation

2.1 Overview

The motion of a cantilever with small deflections can be determined through the use of

the Euler-Bernoulli beam equation (EBBE). This equation will be derived in this chapter

from first principles. The EBBE will also be solved for two different types of beams that

are applicable to this project. These beams are the cantilever which is rigidly mounted on

one end and free at the other end and the other is a bridge beam which is rigidly mounted

at both ends. The solution of the EBBE equation will be solved in the time domain for a

freely vibrating beam as this process is simple to complete and the result is required for

more complicated situations.

The equation of a wave along a string will also be derived. This result will be used as a

comparison to the EBBE to demonstrate why the EBBE is a 4th order differential equation.

The second part of the derivation includes the material properties to determine the resulting

forces internal to the beam as a result of its deflection. The result that is obtained at this

stage is for an ideal beam that is located in a vacuum.

2.2 Euler-Bernoulli Beam Equation

Derivation of the EBBE deals with two different parts. The first part is concerned with

the deflection of the beam from an unloaded position and the resulting geometry while

the second part deals with the forces in the beam itself due to deflection from its resting
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position. Let us first consider the beam’s deflection and how it is described.

2.2.1 Geometry and Coordinates of a Deflected Beam

Let there be an axis that runs down the length of the beam that is defined as x and has its

origin located at a rigid mount of the beam, as shown in Fig. 2.1. The length of the beam

is parallel to this axis. In the case of a cantilever the point x = l will be located at the free

end, for a bridge beam x = l will indicate the second rigid mount. A second axis that is

orthogonal to x and in the direction of vibration for the cantilever will be defined as y. The

height of the beam is parallel to this axis. A final third axis will be the z-axis, perpendicular

to the x and y axes and parallel to the width of the beam.

When the beam is deflected, one side of the beam will be compressed and the other

stretched. Between these two regions will be a neutral axis whose length remains constant

during deflection. The neutral axis will be defined as lying on the x-axis when there is

no forces applied to be beam and it is at rest. If the cantilever experiences any deflection,

a measure from the neutral axis of the deflected beam to the x-axis is the magnitude of

the beam’s deflection. Figure 2.1 shows these coordinates and a black dashed line which

represents the neutral axis and a grey dashed line as the x-axis. It is convenient to have

this displacement described by some function of x and t, specifically w(x, t). Using this

coordinate system it can be seen that the slope of the cantilever at any point x is simply

∂w(x, t)/∂x. A third axis, the z-axis, is perpendicular to both the x-axis and y-axis and the

width of the cantilever is along this axis. No vibrations along this axis will be considered

and as a result in most figures it will be ignored.
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2.2. EULER-BERNOULLI BEAM EQUATION

Figure 2.1: Schematic depicting the required coordinate systems for Euler-Bernoulli equa-
tion derivation. The black dashed line represents the neutral axis of the cantilever which
remains a constant length during deflection and the grey dashed line represents the x-axis.

2.2.2 Bending Moments and Shear Forces

It will be shown that the EBBE equation is dependent upon the force per unit length,

referred to as a load, that is applied to a beam. However, to solve for the forces in the beam

as a result of deflection this definition must be accepted now.

Consider a beam that has a load, L, applied at x = l and is in static equilibrium. This

load pulls at x = l parallel to the y-axis, as depicted in Fig. 2.2a. To gain an understanding

of the forces and moments within the cantilever as a result of the applied load, the cantilever

will now be considered in two parts, the section on the left which is mounted to the base and

the section on the right that the load is applied to, Fig. 2.2b. This allows the right portion

of the beam to be analyzed using a free body diagram.
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2.2. EULER-BERNOULLI BEAM EQUATION

Figure 2.2: Part a) shows a cantilever which has a force, L, applied at x = l and the resulting
deflection. Part b) shows the same cantilever and force. The beam is considered as two
pieces in this case so that the right portion of the beam can be considered to determine the
bending moment, M, and shear force, V, as a result of the applied force.

As a result of the applied load, the beam develops a bending moment M, which acts

about the axis of rotation, and a shear force V, which acts parallel to the cross section of the

beam.

For a beam that is deflected in the +y-direction, as in Fig. 2.1, the section of the beam

above the neutral plane will experience compression while the section of the beam below

the neutral plane will experience stretching. Let the absolute distance a particle in the
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cantilever is displaced due to stretching or compression be defined as δx (see Fig. 2.3).

When some load L is applied perpendicular to the length of the beam causing it to deflect

from rest, the original point at x will be displaced to a new located at x+ δx. Using this

definition then a positive δx means the beam has been stretched out while a negative δx

indicates compression.

Figure 2.3: Schematic illustrating pertinent geometry of a small section of the beam during
deflection. dx is the length of the neutral axis and δx is the change of length at the radius
r due to expansion or compression. A positive δx indicates an increase of length due to
expansion. R is the radius of curvature for this element of the beam and r is the distance
from the neutral plane to the narrow strip of interest of the beam.

The restoring force f due to strain can be calculated using Hooke’s Law. If we make

the assumption that the strain is small then Hooke’s Law can be written as

f =−ES
δx
∂x

(2.1)

where S is the cross sectional area of the element of interest and E is the Young’s modulus
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2.2. EULER-BERNOULLI BEAM EQUATION

of the material. For the case of a deflected cantilever where δx/∂x is not a constant across

the height of the cantilever this becomes [45]

d f =−E
δx
∂x

dS. (2.2)

A beam can be considered as small segments from a position x to x+ dx. The neutral

axis of a deflected beam can be extended out such that it forms a circle. The radius of this

circle is called the radius of curvature, R, and is illustrated in Fig. 2.3. For some narrow

strip that runs along the length of the small segment, parallel to and a distance of r from the

neutral axis, it can be seen that (dx+ δx)/(R+ r) = dx/R which can be simplified to find

δx/dx = r/R. This relation can be substituted into Eq. 2.2 to obtain

d f =
−Er

R
dS. (2.3)

For the case of the deflected beam considered here, there are positive forces above the

neutral plane and negative forces below. Due to the deflection and the distribution of forces

there is a bending moment, M, present. Specifically, using Eq. 2.3:

M =
∫

rd f =
−E
R

∫
r2dS. (2.4)

The equation for M can be simplified by noting that the area moment of inertia for a beam

is I =
∫

r2dS and thus M = −EI/R. This integral is performed from r0, the point of the

beam that we are interested in finding the moment at, out to r f , the location of the applied

load. The moment for some point along the beam will be affected by all loads between that

point and the end of the beam. As a result of this the base of a cantilever will be affected

by all applied loads while the moment at a point near the free end will only be affected by

loads applied between that point and the free end. This model assumes that the beam is

rectangular in nature but it can be seen that the base and main portion of the body adhering

to this assumption is more important than the free end. It should be noted at this point the
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2.2. EULER-BERNOULLI BEAM EQUATION

current derivation is using the assumption that both E and I are constant along the length of

the beam.

From the geometry of the beam it can be determined that the inverse of the radius of

curvature is [46]

1
R
=

∂2w(x, t)/∂x2

[1+(∂w(x, t)/∂x)2]
3/2 '

∂2w(x, t)
∂x2 . (2.5)

This result can then be substituted into Eq. (2.4) to obtain

M(x) =−EI
∂2y
∂x2 . (2.6)

Figure 2.4: Schematic depicting the shear forces and bending moments for some small
section of the cantilever that results from deflection.

Bending moments are related to shear forces. Consider some shear force in the beam

at x of magnitude Fy(x) and a second at x+dx of Fy(x+dx). These two forces will cause

the beam to bend and create an internal bending moment. The relationship between the

shearing force and the bending moment of a static beam can be determined by summing all

of the moments acting on the beam about the point x+dx. For a static beam this is
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2.2. EULER-BERNOULLI BEAM EQUATION

M(x+dx)−M(x)−Fy(x)dx = 0. (2.7)

This can be solved for Fy(x) by using Eq. (2.6) to find

Fy(x) =
∂M(x)

∂x
=−EI

∂3w(x, t)
∂x3 . (2.8)

For the cantilever to have motion there must be a load that is acting upon it. The load

can be external, Fext , or internal created by the compression and expansion of the material

the beam is composed of. The case of an external load will be considered in a later section.

The internal load case can be determined through the use of shear forces. That is, if there is

some force dFy in the cantilever acting on the slice from x to x+dx then the resulting slice

will have some acceleration. Mathematically this force is described by

dFy = Fy(x+dx)−Fy(x) =
∂Fy(x)

∂x
dx =−EI

∂4w(x, t)
∂x4 dx, (2.9)

where Eq. (2.8) was used.

For a cantilever that is in motion we can employ Newton’s 2nd law where the accelera-

tion of the cantilever is ∂2w(x, t)/∂t2 and the mass of a thin element of the cantilever is µdx.

Newton’s 2nd law, ma = ∑i Fi, can now be used to obtain the result

µdx
∂2w(x, t)

∂t2 =−EI
∂4w(x, t)

∂x4 dx+Fext(x, t)dx. (2.10)

This result can be simplified to obtain the EBBE,

EI
∂4w(x, t)

∂x4 +µ
∂2w(x, t)

∂t2 = Fext(x, t). (2.11)

Fext(x, t) is a force per unit length and can be integrated to obtain the total force that is

applied to the cantilever is Ftotal =
∫ l

0 Fext(x, t)dx.

The phase speed of a wave through a beam can be calculated using Eq. (2.11) where
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we assume that there is no external load. This equation can be simplified to become

∂4w(x, t)
∂x4 +

EI
µ

∂2w(x, t)
∂t2 = 0. (2.12)

Consider a simple harmonic wave travelling along the beam of the form

w(x, t) =Cei(kx−ωt) (2.13)

where C is the waves amplitude, k is the wave number and ω is the frequency of the wave.

Substituting Eq. (2.13) into Eq. (2.12) and evaluating we obtain

k4− EIω2

µ
= 0. (2.14)

Given that the frequency cannot be negative, the positive root solution for the frequency is

ω = k2
√

µ
EI

. (2.15)

The relationship between ω and k is not proportional as is normally found for mechanic

waves. The relationship here is similar to that of a free particle in quantum mechanics,

ω = ~k2/2m. The phase speed, c, of a wave is

c =
ω

k
. (2.16)

Taking the positive root of Eq. (2.15) and substituting this result into Eq. (2.16), the phase

speed of a wave through a beam can be determined to be

c =
(

EIω2

µ

)1/4

. (2.17)

The phase speed is dependent upon
√

ω, causing waves of different frequencies to travel

down the beam at different velocities. A direct result of this is that the shape of the wave

packet will change as it propagates.
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2.3 The Wave Equation for a String

A common equation in physics that deals with the motion of a linear body is the one

dimensional wave equation. This equation describes traverse displacements of a string as a

wave travels down it. This equation will be derived from first principles and then compared

with the EBBE. Undergraduate students are taught the wave equation for a string. This

result is found to be a second order differential equation. The derivation is provided here

as a comparison to that of the EBBE derivation to help demonstrate the complexities of the

beam system and why it is a fourth order differential equation.

Let us consider some small segment of a string that is stretched between two points with

some tension T. If no external forces are applied to the string and it is simply left at rest

the string will connect the two end points by a straight line. This will be referred to as the

neutral axis, the x-axis.

Figure 2.5: Diagram showing a deflected string segment and the resulting tension.

The tension within a small segment of the string is inline with the tangent of that seg-
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ment. When the string is at rest the tension will be applied directly along the length of

the string and there will be no y-component. If the string is defected off of the x-axis it

is possible that the tension will have a y-component. If the segment of the string makes a

small angle, θ, with respect to the x-axis then the y-component of the tension within the

string that is acting upon the segment is

d fy(x) = (T sin(θx+dx))− (T sin(θx)) (2.18)

The first term on the Right Hand Side (RHS) can be expanded using a Taylor series to

obtain

d fy(x) = [(T sin(θx))+
∂(T sin(θx))

∂x
dx+ ...]− (T sin(θx))

=
∂(T sin(θx))

∂x
dx.

(2.19)

The second line of the equation was found by making the assumption that the displacement

of the string and θ will be small and thus it is be reasonable to keep only the first two leading

terms. Given that θ is small we can use the small angle approximation and rewrite θ as ∂y
∂x .

Making this substitution into the previous equation, the net force that is applied to the small

segment of the string becomes

d fy(x) = T
∂2y
∂x2 dx. (2.20)

Newton’s 2nd law can now be applied in the y-direction to determine the motion of the

string. The mass of the segment of the string is µdx where µ is the linear mass density of

the string. Substituting Eq. (2.20) into Newton’s 2nd law gives the result

T
∂2y
∂x2 dx = µdx

∂2y
∂t2 . (2.21)

This result can be simplified by using the term c =
√

T
µ , the phase speed of the wave,

to obtain
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∂2y
∂x2 =

1
c2

∂2y
∂t2 . (2.22)

For the case of a deflected string, the restoring force that that pulls on the string is the

result of the tension of the string as shown by Eq. (2.20). For some small segment of

the string this force is dependent on the second derivative of the string and thus the wave

equation is second order.

From the derivation of the EBBE it was found that the restoring force was the shear

force within the beam (see Eq. (2.9)). Hooke’s Law, Eq. (2.1), can be used to determine the

force that acts along the length of the beam. This force created a bending moment within

the beam which, using a result from the geometry section, determined the moment to be

dependent upon the second derivative of the beam. The derivative of the bending moment

provides the result for the shear force in the beam, dependent upon the 3rd derivative. It

is this shear force that causes the beam to move. Finally, to determine the shear force

acting upon some small segment of the beam the derivative of the shear force is taken and

multiplied by the length of the segment. The length was found to cancel out when Newton’s

2nd law was applied and thus the EBBE became a 4th order differential equation.

2.4 Potential Energy of a Beam

The total energy that is stored in a beam as a result of deformation is called strain energy.

For the case of a simple beam that experiences deflection in only one direction this is [47]

U =
1
2

∫
V

σεdV (2.23)

where σ is the stress and ε strain caused by the deflection. Both the stress and strain are

the result of compression or expansion of the beam due to deflection and can be solved for

from the geometry of the beam. The stress within the cantilever is directly related to the

strain, that is
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σ = Eε. (2.24)

Figure 2.6: Diagram depicting the radius of curvature, R, for a deflected beam. ∆s is the
length of the neutral axis while ∆s0 is the length of a cord of the beam located at a distance
r from the neutral axis. If the beam were not deflected then ∆s= ∆s0.

Consider a thin cord that runs along the length of cantilever at some distance r from the

neutral axis, as shown in Fig. 2.6. As a result of deflection, the cantilever has a radius of

curvature R, the cord will have a length of ∆s and the corresponding cord along the neutral

axis will have a length of ∆s0. The strain that the cord experiences is [47]

ε =
∆s−∆s0

∆s0
. (2.25)

An assumption that is used for this analysis is that the deflection of the cantilever is small

such that the small angle approximation can be used which makes ∆s0 = Rθ and ∆s =

(R− r)θ. Substituting this into the previous equation and using the result of Eq. (2.5), the

strain in the beam is

ε =
(R− r)θ−Rθ

Rθ
=
−r
R

=−r
∂2w(x, t)

∂x2 . (2.26)

Substituting the results of Eqs 2.24 and 2.26 into Eq. 2.23 we obtain
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2.5. FIXED-FREE BOUNDARY CONDITIONS

U =
1
2

∫
V

Er2
(

∂2w(x, t)
∂x2

)
dV. (2.27)

This integral is simplified by the fact that the area moment of inertia is

I =
∫ ∫

r2dy dz. (2.28)

Finally, the potential energy stored in a beam due to a deflection is

U(t) =
EI
2

l∫
0

(
∂2w(x, t)

∂x2

)2

dx. (2.29)

2.5 Fixed-Free Boundary Conditions

The simple, free motion of a cantilever is much easier to derive than one which is

damped in a fluid and driven by thermal energy. The solution to the simple case is also

beneficial as it provides the equation that describes the modes of the cantilever as well as

the frequency equation, both of which are important to the more complicated system.

The properties of the two ends of the beam are required to define the boundary condi-

tions [45]. Let the beam be defined to be mounted at x = 0 and free at x = l where l is the

length of the beam (see Fig. 2.7). Due to the beam being rigidly mounted at x = 0, it can

have neither a displacement nor a slope, that is

w(x, t)
∣∣
x=0 = 0 and

∂w(x, t)
∂x

∣∣∣∣
x=0

= 0. (2.30)

The free end of the of cantilever at x = l is free to have motion and thus can have both a

displacement and slope. As there is nothing to act upon the free end of the cantilever it does

not experience any bending moment nor shear force causing the boundary conditions to be

∂2w(x, t)
∂x2

∣∣∣∣
x=l

= 0 and
∂3w(x, t)

∂x3

∣∣∣∣
x=l

= 0. (2.31)
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The EBBE, Eq. (2.11), where there are no external forces is

EI
∂4w(x, t)

∂x4 +µ
d2w(x, t)

dt2 = 0. (2.32)

Figure 2.7: Cantilever deflection from a relaxed state along the x-axis is given by w(x, t).

We can assume a solution using separation of variables; Then w(x, t) is of the form,

w(x, t) = sin(ωt +θ)φ(x) (2.33)

where the sine term allows the function to evolve over time and the function φ(x) describes

the shape of each mode of the cantilever. Substituting w(x, t) of this form into Eq. (2.32)

and moving the constants to the RHS results in

∂4φ(x)
∂x4 =

−µω2

EI
φ(x). (2.34)

The general solution for this differential is

φ(x) = D1 cos(κx)+D2 sin(κx)+D3 cosh(κx)+D4 sinh(κx) (2.35)

where Dn are constants, x ranges from 0 to l and

κ =

(
µω2

EI

)1/4

. (2.36)
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Using the boundary conditions for x = 0 it can be determined that D3 =−D1 and D4 =

−D2. Using these relations Eq. (2.35) becomes

φ(x) = D1 (cos(κx)− cosh(κx))+D2 (sin(κx)− sinh(κx)) . (2.37)

Using the boundary conditions for x = l, a matrix with the form AC = 0, can be made,

(cos(κl)+ cosh(κl)) (sin(κl)+ sinh(κl))

(sinh(κl)− sin(κl)) (cos(κl)+ cosh(κl))


D1

D2

=

0

0

 . (2.38)

For Eq. 2.38 to be true and the result to be non-trivial, that is D1 and D2 not equal to

zero, it is required that det |A|= 0 [48]. This result is called the frequency equation and for

a cantilever beam it is

1+ cos(κl)cosh(κl) = 0. (2.39)

The roots of the frequency equation can be used to determine the fundamental resonance

frequencies of the cantilever in a vacuum. Let the nth root of the frequency equation to be

Cn, where the roots are in ascending order and n = 1 corresponds to the smallest, non-trivial

positive root. Then, using Eq. 2.36, the roots are

Cn = l
(

µω2
n

EI

)1/4

. (2.40)

The resonance frequency for the nth mode of the cantilever in a vacuum is

ωvac,n =
C2

n
l2

√
EI
µ
. (2.41)

The boundary condition d3φ(l)/dx3 = 0 can be used to obtain the relation between D1

and D2. The solution for the nth mode, which can be substituted into Eq. (2.33) for the

position of the cantilever, is
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φn(x) = (cos(Cnx/l)− cosh(Cnx/l))

+
(cos(Cn)+ cosh(Cn))

(sin(Cn)+ sinh(Cn))
× (sinh(Cnx/l)− sin(Cnx/l)) .

(2.42)

The previous result uses D1 = 1 such that

l∫
0

φ
2
n(x)dx = l. (2.43)

Equation (2.42) can be substituted back into Eq. (2.33) for a solution to the EBBE for a

cantilever in a vacuum.

Table 2.1: The first four mode shapes and corresponding values for Cn for the cantilever.
The striped end plate represents the rigid mount that the cantilever extends out from.

n Cn φn(x)

1 1.875104

2 4.69409

3 7.8547574

4 10.99554

2.6 Fixed-Fixed Boundary Conditions

The free vibrations of a simple bridge beam will be considered in this section. A bridge

beam is one that is rigidly mounted at both ends, as opposed to just one end like the can-

tilever beam. While all experiments were performed using a cantilever, the bridge will be

considered theoretically to determine if the cantilever was the best choice. The cantilever
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beam will be studied experimentally in later chapters. The inclusion of the bridge beam is

for theoretical purposes only. The EBBE model will be solved for the bridge beam and these

theoretical results will be compared with the theoretical model of the cantilever. This will

determine which beam produces the least amount of noise and if the bridge beam should

be considered for the MOND experiment. Other types of beam mounting are possible; like

free ends, which the cantilever has one free end, or mounting using a mechanism, like a

pin, that allows the beam to freely rotate about a point. Beams that are held without a rigid

mount like a pin, unlike what the bridge and cantilever use, are challenging to work with

as they are free to rotate about the pin that holds them in place causing difficulties when

trying to determine if the measured deflection is due to beam deflection or simply the whole

beam rotating around the pin. The use of pins also introduces manufacturing challenges on

such small scales while rigid mounts are much easier to create. The free beam which uses

no mounts allows the beam to rotate and move freely around. Due to the freedom of this

beam it will fall to the ground in a gravitational field. Due to these varying challenges in

the manufacturing, mounting, and measurement processes, the only viable alternative to the

cantilever beam is the doubly, rigidly mounted bridge.

Unlike the cantilever, the bridge has both ends rigidly mounted to the base. As both

ends use the same mounting style they are both subject to the same boundary conditions.

A rigidly mounted beam end can have no displacement nor rotation making the boundary

conditions at x = 0 and x = l to be

w(0, t) = 0 and
∂w(0, t)

∂x
= 0

and

w(l, t) = 0 and
∂w(l, t)

∂x
= 0.

(2.44)

The bridge is required to satisfy the same equation as the cantilever, Eq. (2.32). Sepa-

ration of variables, Eq. (2.33), can be used and the resulting differential equation that must

be solved is
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∂4φ(x)
∂x4 =

−µω2

EI
φ(x). (2.45)

The general solution for this differential is

φ(x) = D1 cos(κx)+D2 sin(κx)+D3 cosh(κx)+D4 sinh(κx) (2.46)

where Dn are constants, x ranges from 0 to l and

κ =

(
µω2

EI

)1/4

. (2.47)

To solve the differential equation using the boundary condition we require Eq. (2.46) along

with it’s derivative,

dφ(x)
dx

=−D1κsin(κx)+D2κcos(κx)+D3κsinh(κx)+D4κcosh(κx). (2.48)

Applying the boundary conditions for x = 0 we find that D4 = −D2 and D3 = −D1.

Making the appropriate substitutions φ and dφ/dx become

φ(x) = D1 (cos(κx)− cosh(κx))+D2 (sin(κx)− sinh(κx)) (2.49)

and

dφ(x)
dx

=−D1κ(sin(κx)+ sinh(κx))+D2κ(cos(κx)− cosh(κx)) . (2.50)

The previous two results can be used to create the matrix equation
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 (cos(κl)− cosh(κl)) (sin(κl)− sinh(κl))

−(sinh(κl)+ sin(κl)) (cos(κl)− cosh(κl))


D1

D2

=

0

0

 . (2.51)

In the same fashion that the frequency equation was calculated for the cantilever beam, the

frequency equation for the bridge beam is determined by finding the non-trivial solutions to

Eq. 2.51. These solutions can be found by setting the determinant of A to zero. From this

process it is found that the frequency equation is

1− cos(κl)cosh(κl) = 0. (2.52)

As with the cantilever, the roots of this equation can be used to determine the resonance

frequency for the nth mode. Let the nth root be Cn where n = 1 corresponds to the smallest,

non-trivial positive root. Using Eq. (2.47) the roots are

Cn = l
(

µω2
n

EI

)1/4

. (2.53)

The resonance frequency for the nth mode of the bridge beam in a vacuum is

ωvac,n =
C2

n
l2

√
EI
µ
. (2.54)

The relationship between D1 and D2 can be found using the boundary condition φ(l)= 0

to obtain

φn(x) = (cos(Cnx/l)− cosh(Cnx/l))

− (cos(Cn)− cosh(Cn))

(sin(Cn)− sinh(Cn))
(sin(Cnx/l)− sinh(Cnx/l))

(2.55)

As with the cantilever, D1 was set to 1. This result can be substituted back into Eq. (2.33)

for a solution to the EBBE for a beam in a vacuum.
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Table 2.2: The first four mode shapes and corresponding values for Cn for the bridge beam.
The striped end plates represents the rigid mounts that the bridge extends between.

n Cn φn(x)

1 4.7300408

2 7.8532046

3 10.9956075

4 14.31371655

2.7 Conclusion

The theory starts with the derivation of the differential equation that describes the mo-

tion of a beam, the EBBE equation. This process uses a simple coordinate system to de-

scribe the deflection of a beam and the bending moments and shear forces can be used to

determine the resulting acceleration of the beam from an arbitrary load. This chapter de-

rived the EBBE equation that describes the motion of a beam. This result is used to solve for

the free motion of a cantilever and a bridge beam in a vacuum. Beams are often submerged

in a fluid and the results obtained here for a vacuum are not adequate in that case. However,

the mode shapes of the beams that were obtained here do apply to the more complicated

system of a beam in a fluid.
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Chapter 3

Vibrations of a Beam: B) with
Dissipation

3.1 Introduction

It is common that a beam will be submerged in a fluid of some sort, be that a liquid or

gas. The effects of a fluid on a beam’s motion are determined using the hydrodynamic load.

The hydrodynamics will be derived using Stokes’ equation for a circular beam. Finally, as

the beam has a non-zero temperature it will have energy and will fluctuate. Thermodynam-

ics will be employed to determine the motion of the beam as a result of the beam having

thermal energy. The results that are obtained will apply to both the cantilever and the bridge

beam.

The EBBE that was derived was for the time domain. However, the derivation to deter-

mine the effects of a fluid on a beam in motion is most easily completed in the frequency

domain. As a result, a Fourier transform will be used such that the EBBE will be in the

frequency domain as well. This will prove beneficial as later analysis will be considering

the cantilever’s Power Spectral Density (PSD).

The PSD of the cantilever can be used to determine the expected uncertainty of a mea-

surement. The MOND experiment requires very small accelerations to be accurately mea-

sured. The expected uncertainty can be used to determine the limits for how small of a

measurement can be obtained. Later analysis will use the cantilever’s PSD to determine

what the requirements will be for MOND experiment.

31



3.2. HYDRODYNAMIC LOAD

3.2 Hydrodynamic Load

In this section the effects of a fluid on a submerged beam which is in motion are con-

sidered. The hydrodynamic force was first derived by Stokes in 1901 [49]. This derivation

has been repeated by Magrab [47] with modern notation and the following section is based

on his outline.

The properties of the fluid must be considered to help define the required boundary

conditions. It will be assumed that the fluid has no motion of its own beyond that created

by the beam. For the simplicity of the mathematics it will be assumed that the box that

contains the beam will be infinitely large. This allows the fluid that is infinitely far away

from the beam to have zero velocity. As a direct result of the small size of the beam it is

expected that it will have a very small displacement allowing the beam’s effects on the fluid

to dissipate very quickly.

The Navier-Stokes equation is

D~u
Dt

=
−~∇p

ρ f
+ν∇

2~u (3.1)

where the introduced variables are: ~u describes the velocity of the fluid, p is the pressure

within the fluid, ρ f is the density of the fluid, ν = η f /ρ f is the kinematic viscosity of the

fluid, and η f is the dynamic viscosity. The “substantial differential” is defined as [52]

D
Dt
≡ ∂

∂t
+ui

∂

∂xi
(3.2)

where ui are the velocity components and xi are the coordinates of the system.

There are two assumptions that can be made to simplify this derivation, and that are

reasonable as the displacement of the beam is small. First, let us assume that the magnitude

of oscillations is small compared to the diameter of the beam, then the linearized form

of the Navier-Stokes equations can be used [50]. This assumption allows the non-linear

convective terms to be ignored. This assumption allows the non-linear convective terms to
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be ignored,

D~u
Dt
' ∂~u

∂t
. (3.3)

Secondly, let it be assumed that the fluid is incompressible. This assumption is permissible

so long as the wavelength of the vibrations are much larger than the dominant length scale

of the beam in the flow, b, and this length scale is much larger than the amplitude of the

vibrations of the beam. This assumption can be extended to gases as well so long as the

dominant length scale is much greater than the mean free path of the gas [51]. This is

a common assumption to use and is employed by Stokes when calculating the drag on

a sphere [49]. In the case where this is not true and the fluid does compress, acoustic

radiation dampening effects will need to be accounted for as a source of drag. Using this

assumption, it can be stated that

~∇ ·~u = 0. (3.4)

Let the coordinate system be Cartesian with the x-axis running along the length of the

beam and the direction of oscillation of the beam be along the y-axis. In this case the oscil-

lation of the beam can be described by ~q = q0eiωt ĵ. Employing the previous assumptions

Eq. (3.1) can be rewritten as

∂~u
∂t

=
−~∇p

ρ f
+ν∇

2~u. (3.5)

The curl of a gradient field is zero, ~∇×~∇p = 0. As a result of this, the curl of the

Navier-Stokes equation is

∂

∂t
~∇×~u = ν~∇× (∇2~u). (3.6)

The assumption that the fluid is incompressible allows for the use of the streamline

33



3.2. HYDRODYNAMIC LOAD

concept allowing~u to be written as

~u = ~∇ψ×~∇x = ~∇ψ× î (3.7)

where ψ is a streamline [52]. A streamline is a curve of constant value that is tangent to the

direction of flow of the fluid.

The vorticity,~σ, of a fluid is

2~σ≡ ~∇×~u = ~∇× (~∇ψ× î)

= (î ·~∇)~∇ψ− î~∇ · (~∇ψ) =−î
(

∂2ψ

∂y2 +
∂2ψ

∂z2

)
.

(3.8)

The only non-trivial term is σx and thus the vorticity is

σî =
1
2
~∇×~u =−1

2
∇

2
ψî. (3.9)

The previous result can be used to simplify Eq. (3.6). The Left Hand Side (LHS) of Eq.

(3.6) becomes

∂

∂t
~∇×~u =

∂

∂t
(−î∇2

ψ). (3.10)

To simplify the RHS of Eq. (3.6) will require the curl of the Laplacian of a vector field,

∇×∇
2~u = ∇×∇(∇ ·~u)−∇×∇× (∇×~u). (3.11)

When ∇×∇(∇ ·~u) is evaluated it is determined to be 0 as the curl of a gradient is 0. Now

the RHS of Eq. (3.6) can be rewritten as
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Figure 3.1: The coordinate system used for the derivation of the hydrodynamic function for
a cylindrical beam with a diameter of b.

ν~∇× (∇2~u) =−ν~∇× (~∇×~∇×~u)

= 2ν~∇× (~∇×σî)

= 2ν~∇× (−î×~∇σ)

=−2∇
2
σî

= ν∇
4
ψî

(3.12)

Substituting the results of Eq. (3.10) and Eq. (3.12) back into Eq. (3.5) we find that the

streamline function must satisfy

∇
2
(

∇
2
ψ−

ρ f

η f

∂ψ

∂t

)
= 0. (3.13)

For some small element of the beam that is very close to x = 0 or x = l it is obvious that

the fluid flow will vary from that of the fluid that is around the central portion of the beam.

Thus this derivation will use the assumption that the diameter of the beam is small compared

to the length of the beam and that the beam is infinite, making the errors introduced at the

ends small.

Thanks to the assumption that the beam is infinitely long it is easiest to solve this portion

of the problem using cylindrical co-ordinates. The beam will be considered cylindrical in
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nature with a diameter of b. This result will later be used to determine the hydrodynamic

function for a beam with a rectangular cross section using a correction function. The z-axis

will be defined as running along the axis of the beam when it is at rest such that the origin

of the polar coordinate system is at the center of the beam, Fig. 3.1. The r-coordinate

will extend out from the z-axis and the θ-coordinate will extend around the beam. Using

this coordinate system and the infinite beam assumption, there will by symmetry along the

length of the z-axis and as a result this term will be dropped leaving the polar coordinate

system defined by r and θ. For cylindrical coordinates, the equation that the streamline

function must satisfy, Eq. (3.13) will use

∇
2 =

∂2

∂r2 +
1
r

∂

∂r
+

1
r2

∂2

∂θ2 . (3.14)

Equation (3.13) can be solved using a sum of solutions, ψ = ψ1 +ψ2, where ψ1 and ψ2

are, respectively, solutions to

∇
2
ψ1 = 0

∇
2
ψ2−

ρ f

η f

∂ψ2

∂t
= 0.

(3.15)

The two components of the velocity of the fluid as it flows around the beam are

ur =
1
r

∂ψ

∂θ
r̂

uθ =−
∂ψ

∂r
θ̂.

(3.16)

The boundary conditions for the fluid can be defined at two different locations, the

surface of the beam and at a distance infinitely far away from the beam. Let us assume

that the beam is being driving as a forced harmonic oscillator at a frequency ω and the

magnitude fo the velocity is u0. The boundary conditions for the fluid at the surface of the

beam will be
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ur(b/2,θ, t) = u0 cos(θ)eiωt ,

and

uθ(b/2,θ, t) =−u0 sin(θ)eiθt .

(3.17)

It will be assumed that the space containing the beam was infinitely large and is stationary

except for the fluid motion caused by the cantilever. Consequently, the boundary condition

for the fluid at an infinite distance away from the beam is that as r→∞, ur→ 0 and uθ→ 0.

From these boundary conditions we can assume the form of the solutions to Eq. (3.15)

will be

ψk = Ψk(r)sin(θ)eiωt k = 1,2. (3.18)

This solution can be substituted back into Eq. (3.15) to obtain

∇
2
r Ψ1 = 0 (3.19)

and

∇
2
r ψ2−

iωρ f

η f
ψ2 = 0 (3.20)

where

∇
2
r =

∂2

∂r2 +
1
r

∂

∂r
− 1

r2 . (3.21)

Equation (3.19) has a solution of the form

ψ1 =
C1

r
+C2r. (3.22)

For this solution to satisfy the boundary conditions at r→ ∞, C2 must be 0. Thus ψ1 is
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ψ1 =
C1

r
. (3.23)

The solution to Eq. (3.20) can be solved by first expanding it using Eq. (3.14) to obtain

r2 ∂2ψ2

∂r2 + r
∂ψ2

∂r
−

((
2λr
b

)2

+1

)
ψ2 = 0 (3.24)

where

λ =
√

iRe

Re =
ρ f ωb2

4η f
.

(3.25)

The solution to this equation is [47]

ψ2 =C3I1(2λr/b)+C4K1(2λr/b) (3.26)

where I1(x) is the modified Bessel function of the first kind of order 1 and K1(x) is the

modified Bessel function of the second kind of order 1. I1(x) is divergent as x→ ∞ so by

the boundary condition where r→ ∞, C3 must be 0. Thus ψ2 becomes

ψ2 =C4K1(2λr/b). (3.27)

Using the results from Eqs. (3.23) and (3.27), ψ can be rewritten as

ψ = Ψ(r)sin(θ)eiωt = (Ψ1 +Ψ2)sin(θ)eiωt

=

(
C1

r
+C4K1(2λr/b)

)
sin(θ)eiωt .

(3.28)

This result can now be substituted back into Eq. (3.16) to obtain
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ur =
1
r

(
C1

r
+C4K1(2λr/b)

)
cos(θ)eiωt

uθ =

(
C1

r2 +
2λC4

b

[
b

2λr
K1(2λr/b)+K0(2λr/b)

])
sin(θ)eiωt .

(3.29)

C1 and C2 can be determined by evaluating the previous equation using the boundary

conditions at the surface of the beam, Eq. (3.17). Computing this evaluation gives

u0 =
4C1

b2 +
2
b

C4K1(λ)

−u0 =
4C1

b2 +
2λC4

b

[
1
λ

K1(λ)+K0(λ)

]
.

(3.30)

This result can then be solved for the coefficients to obtain

C1 =
u0b2

4

(
2
λ

K1(λ)

K0(λ)
+1
)

C4 =−
u0b

λK0(λ)
.

(3.31)

Substituting the coefficients back into ψ1 and ψ2 we obtain

ψ1 =
u0b2

4r

(
K1(λ)

K0(λ)
+1
)

(3.32)

and

ψ2 =
−u0b

λ

K1(2λr/b)
K0(λ)

. (3.33)

The total force applied to a section of the beam of length L against the direction of travel

of the beam is calculated using

F = L
b
2

2π∫
0

(Pr cos(θ)−Pθ sin(θ))dθ (3.34)

where Pr and Pθ are stress components within the fluid. These are calculated by
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Pr =−p|r=b/2 +2η f
∂ur

∂r

∣∣∣∣
r=b/2

and

Pθ = η f

[
1
r

∂ur

∂θ
+

∂uθ

∂r
− uθ

r

]∣∣∣∣
r=b/2

(3.35)

where pressure of the fluid is p. The various derivatives of the previous results can be solved

using the velocity relations in Eq. (3.16) and the boundary conditions of Eq. (3.17). The

two derivatives of ur are

∂ur

∂r

∣∣∣∣
r=b/2

=

[
1
r

(
−∂ψ

∂θ
+

∂2ψ

∂r∂θ

)]∣∣∣∣
r=b/2

=

[
1
r

(
−ur−

∂uθ

∂θ

)]∣∣∣∣
r=b/2

=
2
b

(
−u0 cos(θ)eiωt +u0

∂

∂θ
sin(θ)eiωt

)
= 0

1
r

∂ur

∂θ

∣∣∣∣
r=b/2

=
1
r2

∂2ψ

∂θ2

∣∣∣∣
r=b/2

=
2
b

∂

∂θ
u0 cos(θ)eiωt

=−2
b

u0 sin(θ)eiωt =
uθ

r

∣∣∣∣
r=b/2

.

(3.36)

The derivative ∂uθ

∂r can also be solved using previous results. First the result of Eq.

(3.16) must be substituted into the derivative to obtain

∂uθ

∂r

∣∣∣∣
r=b/2

=−∂2ψ

∂r2

∣∣∣∣
r=b/2

. (3.37)

Given that the two parts of Eq. (3.15) are both equal to 0, set part b equal to the negative of

part a and then move all terms to the right hand side and simplify in terms of ψ to find

∇
2
ψ1 +∇

2
ψ2−

ρ f

η f

∂ψ2

∂t
= ∇

2
ψ−

ρ f

η f

∂ψ2

∂t
. (3.38)

This result can be expanded using the definition provided in Eq. (3.14) and then solved to

obtain
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− ∂2ψ

∂r2 =
1
r

∂ψ

∂r
+

1
r2

∂2ψ

∂θ2 −
ρ f

η f

∂ψ2

∂t
. (3.39)

Substituting this result back into Eq. (3.37) gives

∂uθ

∂r

∣∣∣∣
r=b/2

=
1
r

∂ψ

∂r

∣∣∣∣
r=b/2

+
1
r2

∂2ψ

∂θ2

∣∣∣∣
r=b/2

−
ρ f

η f

∂ψ2

∂t
. (3.40)

Finally, using a result from the second part of Eq. (3.36) and using the boundary conditions

in Eq. (3.17) it can be found that

∂uθ

∂r

∣∣∣∣
r=b/2

=−uθ

r

∣∣∣∣
r=b/2

+
uθ

r

∣∣∣∣
r=b/2

−
ρ f

η f

∂ψ2

∂t

=−
ρ f

η f

∂ψ2

∂t
.

(3.41)

The results of Eqs. (3.36) and (3.41) can now be used to simplify Eq. (3.35) to

Pr =−p|r=b/2

Pθ =−ρ f
∂ψ2

∂t
.

(3.42)

This can be substituted into Eq. (3.34) to find

F =−L
b
2

2π∫
0

p|r=b/2 cos(θ)dθ+Lρ f
b
2

2π∫
0

∂ψ2

∂t

∣∣∣∣
r=b/2

sin(θ)dθ. (3.43)

To simplify the solution let us break the previous result into F1 for the first integral and

F2 for the second integral. The integral of F1 can be solved using integration by parts,

F1 =−L
b
2

sin(θ)|2π
0 −

2π∫
0

d p
dθ

∣∣∣∣
r=b/2

sin(θ)dθ


= L

b
2

2π∫
0

d p
dθ

∣∣∣∣
r=b/2

sin(θ)dθ.

(3.44)

A result from Stokes [49] is
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∂p
∂θ

= ρ f
∂

∂t

(
r

∂ψ1

∂r

)
. (3.45)

This result can be substituted into Eq. (3.44) to find

F1 = Lρ f
b
2

2π∫
0

∂

∂t
r

∂ψ1

∂r

∣∣∣∣
r=b/2

sin(θ)dθ. (3.46)

Using this result, Eq. (3.34) becomes

F = Lρ f
b
2

∂

∂t

2π∫
0

(
r

∂ψr

∂r
+ψ2

)∣∣∣∣
r=b/2

sin(θ)dθ. (3.47)

Evaluation of this integral is easily computed using Eq. (3.18) to be

F = iωLρ f eiωt b
2

2π∫
0

(
r

∂Ψ1

∂r
+Ψ2

)∣∣∣∣
r=b/2

sin2(θ)dθ

= iωLρ f πeiωt b
2

(
r

∂Ψ1

∂r
+Ψ2

)∣∣∣∣
r=b/2

.

(3.48)

This can be simplified by using the results for Ψ1 and Ψ2 from Eqs. (3.23) and (3.27),

respectively, to obtain

F =−iωu0Lρ f πeiωt b2

2

(
b
4r

(
2
λ

K1(λ)

K0(λ)
+1
)
+

K1(2λr/b)
λK0(λ)

)∣∣∣∣
r=b/2

=−iωu0eiωtM f Γcirc(ω)

(3.49)

where

M f = ρ f π
b2

4
L (3.50)

and

Γcirc(ω) =

(
1+

4
λ

K1(λ)

K0(λ)

)
. (3.51)
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The two introduced quantities are M f which is the mass of fluid displaced by the beam

and contributes to the inertial effects which will be discussed later and Γcirc(ω) is complex

and is referred to as the hydrodynamic function. Γcirc(ω) is the function that determines

both the inertial effects and dissipative effects. These two effects and the complex nature

of Γcirc(ω) causes the motion of the beam to become out of phase with the driving forces.

Γcirc applies to beams that have a circular profile. Sader et al. [51] provides a function

Ω(ω) that can be applied to obtain Γrect(ω) for rectangular beams. Ω(ω) was obtained

by fitting experimental data and was found to be accurate to within 0.1% across the range

Re ∈ [10−6,104]. The real and imaginary components of Ω(ω), respectively, are

Ωr(ω) =
(
0.91324−0.48274τ+0.46842τ

2−0.12886τ
3

+0.044055τ
4−0.0035117τ

5 +0.00069085τ
6
)

×
(
1−0.56964τ+0.48690τ

2−0.13444τ
3

+0.045155τ
4−0.0035862τ

5 +0.00069085τ
6
)−1

(3.52)

and

Ωi(ω) =
(
−0.024134−0.029256τ+0.016294τ

2

−0.00010961τ
3 +0.000064577τ

4

−0.000044510τ
5
)(

1−0.59702τ+0.55182τ
2

−0.18357τ
3 +0.079156τ

4−0.014369τ
5

0.0028361τ
6
)−1

(3.53)

where

τ = log10(Re). (3.54)

Using this correction function, Γrect(ω) is then
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Γrect(ω) = Ω(ω)Γcirc(ω). (3.55)

Γ(ω) can now take the form of Γcirc(ω) or Γrect(ω) depending on if the beam has a circular

or rectangular profile respectively.

Fhydro(x|ω) is the magnitude of the load applied to the beam at some frequency ω. For

a harmonic oscillator the magnitude of the velocity is u0 = ωW (x|ω). This result can be

substituted into Eq. (3.49) to obtain

F =−iω2eiωtM f Γ(ω)W (x|ω). (3.56)

Finally, substituting in M f and dividing the magnitude of the real part of this result by the

length of the beam gives

Fhydro(x|ω) =
π

4
ρ f ω

2b2
Γ(ω)W (x|ω). (3.57)

3.3 Damped and Driven Beams

The thermal motion of the cantilever is solved for by incorporating the thermal effects

as an external force in the EBBE, Eq. 2.11, which is

EI
∂4w(x, t)

∂x4 +µ
∂2w(x, t)

∂t2 = Fnet(x, t) (3.58)

where Fnet(x, t) is related to the external forces applied to the cantilever. Specifically

Fnet(x, t) is a force per unit length and quantities of this nature will be referred to as loads.

The Fourier transform for any function x(t) is

X̂(ω) =
∫

∞

−∞

x(t)e−iωtdt. (3.59)

To determine the frequency response of the cantilever, the Fourier transform of Eq. (3.58)
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is computed to obtain

EI
d4Ŵ (x|ω)

dx4 −µω
2Ŵ (x|ω) = F̂net(x|ω). (3.60)

For the cantilever system that is being tested Fnet(x, t) must be expanded to incorporate

all the loads that will be applied to the cantilever. Loads of this nature, like forces, can

simply be summed together allowing Fnet(x, t) to be written as

F̂net(x|ω) = F̂(x|ω)+ F̂hydro(x|ω) (3.61)

where

F̂(x|ω) = F̂drive(x|ω)+ F̂thermal(x|ω) (3.62)

F̂drive(x|ω) is a driving load that is applied to the cantilever to cause it to have some motion.

F̂thermal(x|ω) represents the load that causes the cantilever to have some motion as a result of

thermal energy. All objects that have a non-zero temperature will have a some vibration as

a result. In this case the vibration is so large that it creates uncertainty in the measurements

and is of importance to this analysis. Finally, F̂hydro(x|ω) is the hydrodynamic load which

results from the surrounding fluid acting upon the beam. This force works by viscous effects

and inertial effects. The viscous effects are caused by the fluid resisting motion caused by

the motion of the beam. The inertial effects are the direct result of the beam pulling a mass

of fluid along as it vibrates. This causes the cantilever to act as if it has a larger mass than

it actually has. The effect of viscous effects and inertial forces will be discussed in more

depth in Ch. 5.

Using Eq. (3.57) and Eq. (3.61), Eq. (3.60) can be rewritten as

d4Ŵ (x|ω)
dx4 − µω2

EI

(
1+

πρb2

4µ
Γ(ω)

)
Ŵ (x|ω) = ŝ(x|ω) (3.63)
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where

ŝ(x|ω) = F̂(x|ω)
EI

. (3.64)

The elastic properties of Eq. (3.63) can be implicitly removed by substituting in the

solution of Eq. (2.40) for µ/EI. Equation (2.40) applies to both the cantilever and the

bridge and as a result the derivation remains valid for both beams as long as the values for

Cn of the corresponding beam are used. ωvac,1, the first resonance frequency of the beam,

can be determined by using C1 for the respective beams and this result simplifies Eq. (3.63)

to become

d4Ŵ (x|ω)
dx4 − B4(ω)

l4 Ŵ (x|ω) = ŝ(x|ω) (3.65)

where

B(ω) =C1

√
ω

ωvac,1

(
1+

πρb2

4µ
Γ(ω)

)1/4

. (3.66)

3.4 Green’s Function Solution

The solution to Eq. (3.65) can be found using Green’s function. First, the Green’s

function is defined as the solution to

∂4G(x,x′|ω)
∂x4 − B4(ω)

l4 G(x,x′|ω) = δ(x− x′) (3.67)

The Green’s function can then be used to obtain the general solution to Eq. (3.65) using

Ŵ (x|ω) =
∫ l

0
G(x,x′|ω)ŝ(x′|ω)dx′. (3.68)

To solve for Ĝ(x,x′|ω) we start by multiplying both sides by φn(x)φm(x′) and integrating

with respect to x and x′, both from 0 to l, to obtain
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∫ l

0

∫ l

0
φn(x)φm(x′)

∂4Ĝ(x,x′|ω)
∂x4 dx dx′− B4(ω)

l4

∫ l

0

∫ l

0
φn(x)φm(x′)Ĝ(x,x′|ω)dx dx′

=
∫ l

0

∫ l

0
φn(x)φm(x′)δ(x− x′)dx dx′.

(3.69)

The RHS evaluates to

∫ l

0
φn(x)φm(x)dx = lδnm. (3.70)

The second term on the LHS of Eq. (3.69) can be used to create the definition

Ĝnm(ω)≡
1
l2

∫ l

0

∫ l

0
φn(x)φm(x′)Ĝ(x,x′|ω)dx dx′. (3.71)

This definition allows Eq. (3.69) to be rewritten as

∫ l

0

∫ l

0
φn(x)φm(x′)

∂4Ĝ(x,x′|ω)
∂x4 dx dx′− B4(ω)

l2 Ĝnm(ω) = lδnm. (3.72)

The first term on the LHS can be solved using integration by parts. This integral requires

the use of the boundary conditions for a cantilever,

[
φ(x) =

dφ(x)
dx

]∣∣∣∣
x=0

= 0

and[
d2φ(x)

dx2 =
d3φ(x)

dx3

]∣∣∣∣
x=l

= 0.

(3.73)

Thanks to the properties of the Green’s function, Ĝ(x,x′|ω) shares the same boundary con-

ditions as φ. To simplify this process let us consider only the portion of the integral depen-

dent on x. This leaves

∫ l

0
φn(x)

∂4Ĝ(x,x′|ω)
∂x4 dx . (3.74)
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The process of integration by parts must be carried out four times to solve this integral. The

result of integration by parts without evaluating at the limits is

∫ l

0
φn(x)

∂4Ĝ(x,x′|ω)
∂x4 dx

=

[
φn(x)

∂3Ĝ(x,x′|ω)
∂x3

]∣∣∣∣l
0

−
[

dφn(x)
dx

∂2G(x,x′|ω)
∂x2

]∣∣∣∣l
0

+

[
d2φn(x)

dx2
∂G(x,x′|ω)

∂x

]∣∣∣∣l
0

−
[

d3φn(x)
dx3 G(x,x′|ω)

]∣∣∣∣l
0

+
∫ l

0

d4φn(x)
dx4 G(x,x′|ω)dx.

(3.75)

Evaluation at the limits needs to be performed using the boundary conditions of the can-

tilever, Eqs. (2.30) and (2.31), and the bridge beam, Eq. (2.44). Evaluating the limits for

both cases shows that the first four terms on the RHS are zero and only the final integral is

left. Given that φ(x) is defined by Eq. (2.42) and Eq. (2.55) for the cantilever and bridge

respectively, the derivative can be found and the integral becomes

∫ l

0
φn(x)

∂4Ĝ(x,x′|ω)
∂x4 dx =

∫ l

0

d4φn(x)
dx4 Ĝ(x,x′|ω)dx

=
C4

n
l4

∫ l

0
φn(x)Ĝ(x,x′|ω)dx.

(3.76)

This result can be substituted into Eq. (3.72) to obtain

C4
n

l4

∫ l

0

∫ l

0
φm(x′)φn(x)Ĝ(x,x′|ω)dx dx′− B4(ω)

l2 Ĝnm(ω) = lδnm. (3.77)

The first term can be simplified through the use of the definition of Ĝnm(ω) to find

C4
n

l2 Ĝnm(ω)−
B4(ω)

l2 Ĝnm(ω) = lδnm. (3.78)
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This result can now be solved algebraically to determine that Ĝnm(ω) is

Ĝnm(ω) =
l3δnm

C4
n−B4(ω)

. (3.79)

The function Ĝnm(ω) can be considered as an n×n diagonal matrix which determines the

resonant structure for the cantilever or bridge.

Ĝnm(ω) is not present in the general solution as given in Eq. (3.68) and a method to

obtain Ĝ(x,x′|ω) is required. By considering the definition in Eq. (3.71) and Eq. (3.70), it

can be seen that Ĝ(x,x′|ω) can be found by

Ĝ(x,x′|ω) = ∑
n

∑
m

Ĝnm(ω)φn(x)φm(x′)

= ∑
n

Ĝnn(ω)φn(x)φn(x′).
(3.80)

The second step makes use of the diagonal nature of Gnm(ω).

3.5 Frequency Response of the Beam

The beam’s frequency response for some arbitrary driving load F̂(x′|ω) is solved using

the general solution to Eq. (3.67), which is given in Eq. (3.68).

Let us consider some arbitrary load that is being applied to the cantilever F̂(x|ω) which

is small in nature to ensure linearity. Due to the orthogonality of the cantilever’s modes,

this force can be expanded using φn(x) as a basis set,

F̂(x|ω) = ∑
n

F̂n(ω)φn(x). (3.81)

This result can be substituted into Eq. (3.68) using Eq. (3.64). Multiplying both sides of

this result by φm(x) and integrating with respect to x from 0 to l we find
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∫ l

0
Ŵ (x|ω)φn(x)dx

=
1

EI ∑
n

∫ l

0

∫ l

0
Ĝ(x,x′|ω)F̂n(ω)φm(x)φn(x′)dxdx′.

(3.82)

Given that F̂n(ω) is independent of both x and x′, it can be pulled out of the integrals and

Eq. (3.71) can be used to simplifying the RHS of Eq. (3.82) to

l2

EI ∑
n

Ĝnm(ω)F̂n(ω)

=
l2

EI
Ĝnn(ω)F̂n(ω).

(3.83)

In the same fashion that F̂n(ω) was expanded using φn(x) as a basis set, so too can

Ŵ (x|ω) to become

Ŵ (x|ω) = ∑
n

Ŵn(ω)φn(x). (3.84)

This result can be substituted into the LHS of Eq. (3.82) to obtain

∑
n

Ŵn(ω)
∫ l

0
φn(x)φm(x)dx

= ∑
n

lŴn(ω) = ∑
n

l2

EI
Ĝnn(ω)F̂n(ω).

(3.85)

Setting Eqs. (3.83) and (3.85) equal to each other, Eq. (3.82) becomes

∑
n

Ŵn(ω) =
l

EI ∑
n

Ĝnn(ω)F̂n(ω). (3.86)

Let us make the definition

Ŵn(ω)≡ F̂n(ω)αn(ω) (3.87)

This definition can be used to make Eq. (3.84) become explicitly dependent on F̂n(ω),
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Ŵ (x|ω) = ∑
n

F̂n(ω)αn(ω)φn(x). (3.88)

The function that is introduced, αn(ω), describes the susceptibility of the cantilever in a

specific mode to a random driving load. αn(ω) can be easily solved for by substituting Eq.

(3.87) and Eq. (3.79) into Eq. (3.86) to obtain

αn(ω) =
l4

EI
1

C4
n−B4(ω)

=
3l
k

1
C4

n−B4(ω)

(3.89)

where the spring constant of the cantilever is

k =
3EI
l3 . (3.90)

The spring constant is related to the force that must be applied to the beam, F, to cause it to

have a displacement of ∆y; from Hooke’s law this is F =−k∆y.

Figure 3.2: The spring constant of a beam is calculated based on the required force that
must be applied to the beam such that it is deflected by a displacement of ∆y.
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3.6 Power Spectral Density for Fluctuating Loads

Consider a data set, g(t), that was collected over a duration of time. Two possible meth-

ods for obtaining an average are a time average or an ensemble average. A time average

is easily obtained by integrating over a duration of the data set and then dividing by that

duration of time,

〈g(t)〉= 1
2T

∫ T

−T
g(t + t ′)dt ′. (3.91)

An ensemble average is calculated by dividing up the original data set into a subset, gk(t),

each of duration T. The ensemble average for g(t), where 0 ≤ t ≤ T , is the sum of each

subset at time t divided by the total number of subsets,

{g(t)}= 1
N

N

∑
k=1

gk(t). (3.92)

There are two important terms that must be outlined. First, a data set is referred to as

stationary if there is no preferred time for t = 0. Secondly, a data set is called ergodic if

over a sufficiently long duration of time the data set will pass through all possible values.

If a data set is both stationary and ergodic, then the ensemble average is equal to the time

average for that data set [53]. A data set which is a collection of purely noise measurements

is an example of a stationary and ergodic set.

The correlation function for a random, stationary function is

K(s) = {g(0)g(s)}. (3.93)

Exploiting the nature of stationary, ergodic functions it can be shown that the correlation

function is the inverse Fourier transform of the PSD, J(ω), of the function g(t),

K(s) =
1

2π

∞∫
−∞

J(ω)eiωsdω. (3.94)
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The time dependent solution to the EBBE, Eq. (3.58), that describes the displacement

of the cantilever, w(x, t), can be expanded using φn(x) as the basis set,

w(x, t) = ∑
n

hn(t)φn(x) (3.95)

where hn(t) is a function describing the time dependence of the cantilever. This analysis is

interested in the spectral response of the cantilever which is the Fourier transform of w(x, t).

As a result of this relationship, if the inverse Fourier transform of Eq. (3.88) is computed,

it can be found that

hn(t) =
1

2π

∫
∞

−∞

F̂n(ω)αn(ω)eiωtdω. (3.96)

For the following discussion let F̂n(ω) be a load that is random in nature, an example of

which is noise. When the square of w(x, t) is computed cross terms between the modes are

introduced. However, if the ensemble average of w2(x, t) is found, it is expected that over a

sufficiently long duration of time that {hn(t)hm(t)}= 0 when n 6= m causing the cross terms

to vanish. For such functions it can also be found that {hn(t)hn(t + s)} becomes very small

for large values of s. Using the result of Eq. (3.93), the auto-correlation of hn(t) is

Kn(t) = {hn(s)hn(s+ t)}. (3.97)

Using Eq. (3.95) the ensemble average of w2
n(x, t) can be written as

{w2(x, t)}= ∑
n
{h2

n(t)}φ2
n(x) = ∑

n
Kn(s)φ2

n(x)

= ∑
n

φ
2
n(x)

1
2π

∞∫
−∞

Jn(ω)eiωtdω.

(3.98)

Given that the frequency response of the cantilever is the Fourier transform of w(x, t),

the PSD of w(x, t) is
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Jw(x|ω) = ∑
n

Jn(ω)φ
2
n(x). (3.99)

Substituting the result of Eq. (3.99) into Eq. (3.98) this result can be rewritten as

Jx(x|ω) = ∑
n
{h2

n(t)}φ2
n(x)

= ∑
n
|F̂n(ω)|2|αn(ω)|2|φn(x)|2.

(3.100)

The derivative of this PSD with respect to x is

J∂w
∂x
= ∑

n
|F̂n(ω)|2|αn(ω)|2

(
d|φn(x)|

dx

)2

. (3.101)

As a direct result of Eq. (3.95), the PSD can be written as a sum of the contribution of

each mode,

Jw(x|ω) = ∑
n

Jw,n(x|ω). (3.102)

The PSD, which has units of m2/Hz, can be integrated over the full frequency range and

then square rooted to obtain the expectation displacement of the cantilever. By using the

expanded form of Jw(x|ω) this can be done for individual modes,

1
2π

∫
∞

−∞

Jw,n(x|ω)dω = Kn(0)φ2
n(x). (3.103)

The motion can be considered to be driven by an arbitrary load that is yet to be defined.

This load can be written in the general form of f (x, t) or, expanding it using φn(x) as a basis

set, as

f (x, t) = ∑
n

ξn(t)φn(x). (3.104)

With f (x, t) expanded, it is possible to determine the Fourier transform of fn(t) which is an
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important term of Eq. (3.88), specifically

Ξ̂n(ω) =
∫

∞

∞

ξn(t)e−iωtdt. (3.105)

Let the contribution to the noise power spectral density for fn(x, t) be defined as

J f ,n(x|ω) = Jξ,n(ω)φ
2
n(x). (3.106)

Let us assume that the force driving the motion of the cantilever is stochastic and

uniform in nature such that it is independent of frequency, like white noise, and thus

J f ,n(x|ω) = J f ,n(x|0). The power spectral density for w can then be written as

Jw,n(x|ω) = |αn(ω)|2J f ,n(x). (3.107)

where αn(ω) is defined in Eq. (3.89). This result can be integrated over ω and through the

use of Eq. (3.103) J f ,n(x) can be determined,

J f ,n(x) =
2π{h2

n(t)}φ2
n(x)∫

∞

−∞
|αn(ω′)|2dω′

. (3.108)

|αn(ω)|2 is a symmetrical function allowing the integral in the denominator to be double

that evaluated on the bounds of 0 to ∞. This result can now be substituted into Eq. (3.107)

to obtain

Jw,n(x|ω) = {h2
n(t)}

π|αn(ω)|2∫
∞

0 |αn(ω′)|2dω′
φ

2
n(x). (3.109)

3.7 Cantilever Motion from Forces

The result of the previous sections determined the PSD of the beam in two forms. The

first form described the PSD by {h2
n(t)}, Eq. (3.109), while the other was dependent upon

|Fn(ω)|2, Eq. (3.100).
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The PSD of a beam will now be determined for a beam having a non-zero temperature

and the resulting vibrations. This motion is a source of uncertainty that affects all measure-

ments taken and must be considered for the Signal-to-Noise Ratio (SNR). In some cases

the noise that is generated by equipment can be mitigated through the use of measuring

techniques or improved equipment design. The noise that is generated by the beam is fun-

damental. The lock-in amplifier is used to reduce the bandwidth of the measurement to

increase the SNR but the noise PSD cannot be reduced for a beam without cooling it.

As w(x, t) is a function of the sum of each mode, if w(x, t) is substituted into Eq. (2.29)

then the potential energy equation becomes a function of the modes as well, that is

Un(t) =
EI
2

h2
n(t)

∫ l

0

(
d2φn(x)

dx2

)2

dx. (3.110)

For both the cantilever and the bridge beams the integral evaluates as

l∫
0

(
d2φn(x)

dx2

)2

dx =
C4

n
l4

l∫
0

φ
2
n(x)dx =

C4
n

l3 . (3.111)

Making a substitution for the spring constant, k = 3EI
l3 , the resulting expectation value for

the potential energy of each mode, {Un(t)}, is

{Un(t)}=
kC4

n
6
{h2

n(t)}. (3.112)

The equipartition theorem states that each degree of freedom that is quadratic in nature

has an expectation energy of 1
2kBT [54, 55]. As a result the expectation value of the potential

energy for each mode is

1
2

kBT =
kC4

n
6
{h2

n(t)}. (3.113)

This result can then be solved to for
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{h2
n(t)}=

3kBT
kC4

n
. (3.114)

Using this result, Eq. (3.109) and Eq. (3.102) the noise power spectral density can be found

to be

Jw(x|ω) =
3πkBT

k ∑
n

|αn(ω)|2

C4
n
∫

∞

0 |αn(ω′)|2dω′
φ

2
n(x) (3.115)

and its derivative is

J∂w
∂x
(x|ω) = 3πkBT

k ∑
n

|αn(ω)|2

C4
n
∫

∞

0 |αn(ω′)|2dω′

(
dφn(x)

dx

)2

. (3.116)

3.8 Conclusion

For the motion of the driven beam in a fluid to be determined the effects of the fluid

were required. The hydrodynamic function and resulting load were derived from Stoke’s

equation. This result was used in conjunction with Green’s function to solve the EBBE

equation for the Noise Spectral Density (NSD) of the beam. The solution that was obtained

applies to both the cantilever and bridge beams. This solution will be used to compare the

cantilever and bridge beams to determine which will be the best candidate for the potential

MOND experiment.

Finally, the noise PSD for the damped motion of a beam was determined as a function

of temperature. Any object that has some temperature will have some energy and as a result

will exhibit some vibration. This random vibration of the cantilever causes it to produce

noise that can be measured and will affect experimental results.
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Chapter 4

Vibrations of a Beam: C) with
Prescribed Driving Forces

4.1 Introduction

The cantilever is subjected to loads that cause it to have motion beyond thermal vibra-

tion. To solve for the displacement of the cantilever requires an explicit solution to Eq.

(3.58) using the Green’s function and the form of the applied load to be defined. This chap-

ter will consider two different types of loads that could be applied to the cantilever. The

first load will be a load that is constant across the length of the beam and will be referred to

as a uniform load. The driving laser that is used to drive the motion of the beam at a specific

frequency will be assumed to be of this form. The second type of load will be a load that is

applied at a point along the length of the beam.

4.2 Green’s Function Solution

The Green’s function is subject to the same boundary conditions as W̃ (x|ω) is, namely:

[
G(x,x′|ω) = ∂G(x,x′|ω)

∂x

]∣∣∣∣
x=0

= 0 (4.1)

and

[
∂2G(x,x′|ω)

∂x2 =
∂3G(x,x′|ω)

∂x3

]∣∣∣∣
x=l

= 0. (4.2)

The properties of the Green’s function requires it to be continuous at x= x′ for G, ∂G/∂x
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and, ∂2G/∂x2. The final property that is required to solve this differential equation is:

lim
ε→0+

[
∂3G(x,x′|ω)

∂x3

]x=x′+ε

x=x′−ε

= 1. (4.3)

First the Green’s function itself must be made. The Green’s function is a piece wise

function that is defined as G1(x,x′|ω) for 0≤ x≤ x′ ≤ l and G2(x,x′|ω) for 0≤ x′ ≤ x≤ l.

With appropriate terms based on Eq. (2.38), the Green’s function can be made to fit the

boundary conditions without any concern for what the coefficients may be. A combination

of

sin(B(ω)x)− sinh(B(ω)x) (4.4)

and

cos(B(ω)x)− cosh(B(ω)x) (4.5)

will evaluate to 0 regardless of the coefficients and satisfy the boundary conditions of

Eq.(4.1). The second set of primary terms that are required are:

sin(B(ω)(x− l))+ sinh(B(ω)(x− l)) (4.6)

and

cos(B(ω)(x− l))+ cosh(B(ω)(x− l)). (4.7)

These terms will then satisfy the second two boundary conditions of Eq. (4.2). A

combination of these four terms will form the two piecewise parts of the Green’s function,
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G1(x,x′|ω) = A · (sin(B(ω)x)− sinh(B(ω)x)) · (sin(B(ω)(x′− l))+ sinh(B(ω)(x′− l)))

+B · (sin(B(ω)x)− sinh(B(ω)x)) · (cos(B(ω)(x′− l))+ cosh(B(ω)(x′− l)))

+C · (cos(B(ω)x)− cosh(B(ω)x)) · (sin(B(ω)(x′− l))+ sinh(B(ω)(x′− l)))

+D · (cos(B(ω)x)− cosh(B(ω)x)) · (sin(B(ω)(x′− l))+ sinh(B(ω)(x′− l)))
(4.8)

and

G2(x,x′|ω) = A · (sin(B(ω)(x− l))+ sinh(B(ω)(x− l)) · (sin(B(ω)x′)− sinh(B(ω)x′))

+B · (sin(B(ω)(x− l)+ sinh(B(ω)(x− l)) · (cos(B(ω)x′)− cosh(B(ω)x′))

+C · (cos(B(ω)(x− l)+ cosh(B(ω)(x− l)) · (sin(B(ω)x′)− sinh(B(ω)x′))

+D · (cos(B(ω)(x− l)+ cosh(B(ω)(x− l)) · (sin(B(ω)x′)− sinh(B(ω)x′))
(4.9)

where A, B, C and, D are each some constant to be determined.

This combination of these terms also work to cause G1 and G2 to be continuous at x = x′

regardless of the values of the coefficients. The coefficients can be solved by evaluating

the other properties of the Green’s function at x = 0 and x = l. The first property to be

considered here is the continuity of ∂G/∂x at x = x′ and will be evaluated at x′ = l,

0 =
∂G2(x,x′|ω)

∂x

∣∣∣∣
x=x′=l

− ∂G1(x,x′|ω)
∂x

∣∣∣∣
x=x′=l

.

By evaluating this expression we obtain

0 = A · (sin(B(ω))− sinh(B(ω))−B · (cos(B(ω))− cosh(B(ω))

+C · (cos(B(ω))− cosh(B(ω))−D · (−sin(B(ω))− sinh(B(ω)).
(4.10)

The second property requires ∂2G/∂x2 at x = x′ to be continuous,
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0 =
∂2G2(x,x′|ω)

∂x2

∣∣∣∣
x=x′
− ∂2G1(x,x′|ω)

∂x2

∣∣∣∣
x=x′

.

This can be evaluated at x = 0 to obtain the relationship between C and D,

C = D · (cos(B(ω))+ cosh(B(ω))
(sin(B(ω))+ sinh(B(ω))

. (4.11)

If this property is evaluated at x = l it can be found that

B =−D · (cos(B(ω))+ cosh(B(ω))
(sin(B(ω))+ sinh(B(ω))

=−C. (4.12)

The final property is Eq. (4.3) which can be rewritten as

1 =
∂3G2(x,x′|ω)

∂x3

∣∣∣∣
x=x′
− ∂3G1(x,x′|ω)

∂x3

∣∣∣∣
x=x′

.

This can be evaluated at x = 0 to obtain

l3

2B−3(ω)
=−A · (sin(B(ω))+ sinh(B(ω))+B · (cos(B(ω))+ cosh(B(ω)), (4.13)

or if it is evaluated at x = l,

l3

2B−3(ω)
= B · (cos(B(ω))+ cosh(B(ω))−D · (sin(B(ω))− sinh(B(ω)). (4.14)

Equations 4.10 to 4.14 can be used to algebraically solve for each coefficient. With

each coefficient solved for and then substituted into the Green’s function and simplified,

the solution to the differential equation is
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G(x,x′|ω) = l3

4B3(ω)(1+ cos(B(ω))cosh(B(ω)))

×



{[cos(B(ω))+ cosh(B(ω))] [cosh(B(ω)x/l)− cos(B(ω)x/l)]

+[sin(B(ω))− sinh(B(ω))] [sinh(B(ω)x/l)− sin(B(ω)x/l)]}

×
(
sin(B(ω)(x′− l)/l)+ sinh(B(ω)(x′− l)/l)

)
+{[cos(B(ω))+ cosh(B(ω))] [sin(B(ω)x/l)− sinh(B(ω)x/l)]

− [sin(B(ω))+ sinh(B(ω))] [cos(B(ω)x/l)− cosh(B(ω)x/l)]}

×
(
cos(B(ω)(x′− l)/l)+ cosh(B(ω)(x′− l)/l)

)
: 0≤ x≤ x′ ≤ l

{[cos(B(ω))+ cosh(B(ω))]
[
cosh(B(ω)x′/l)− cos(B(ω)x′/l)

]
+[sin(B(ω))− sinh(B(ω))]

[
sinh(B(ω)x′/l)− sin(B(ω)x′/l)

]
}

×(sin(B(ω)(x− l)/l)+ sinh(B(ω)(x− l)/l))

+{[cos(B(ω))+ cosh(B(ω))]
[
sin(B(ω)x′/l)− sinh(B(ω)x′/l)

]
− [sin(B(ω))+ sinh(B(ω))]

[
cos(B(ω)x′/l)− cosh(B(ω)x′/l)

]
}

×(cos(B(ω)(x− l)/l)+ cosh(B(ω)(x− l)/l)) : 0≤ x′ ≤ x≤ l
(4.15)

The result that is obtained for the Green’s function can be tested by comparing the plot

of the function with the conditions that were specified. The Green’s function and its first

three derivatives have been plotted in Figures 4.1 to 4.4. These plots were completed using

a normalized axes for both x and x′, thus x = x′ = 1 corresponds to x = x′ = l. The Green’s

function is required to satisfy the same boundary condition as as Ŵ (x|ω), Eqs. (4.1) and

(4.2), and, as it is being used to solve a 4th order differential equation, the third derivative

is expected to have a discontinuity of 1 at x = x′, Eq. (4.3).
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Figure 4.1: Plot of the Green’s function. The axes for x and x′ have been normalized such
that x = x′ = 1 corresponds to x = x′ = l.

The boundary conditions required that the Green’s function and its first derivative equal

0 at x = 0. The results of Fig. 4.1 and Fig. 4.2 show that these conditions are satisfied.

Figure 4.2: Plot of the first derivative of the Green’s function with respect to x. The axes
for x and x′ have been normalized such that x = x′ = 1 corresponds to x = x′ = l.
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From the boundary conditions it is expected that the second and third derivatives of the

Green’s function will equal 0 at x = l. Figures 4.3 and 4.4 are plots of these derivatives and

show that these conditions are upheld.

Figure 4.3: Plot of the second derivative of the Green’s function with respect to x. The axes
for x and x′ have been normalized such that x = x′ = 1 corresponds to x = x′ = l.

The final condition that the Green’s function is expected to satisfy is a discontinuity

of 1. This, as with all previous boundary conditions, is satisfied. This indicates that the

solution for the Green’s function is correct and can be used to determine the displacement

of the beam due to a load using Eq. (3.68).
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Figure 4.4: Plot of the third derivative of the Green’s function with respect to x. The axes
for x and x′ have been normalized such that x = x′ = 1 corresponds to x = x′ = l.

The motion of the cantilever due to some driving load F̂(x|ω) can now be determined

through the use of Eq. (3.64) and Eq. (3.68). The laser that will be used to drive the motion

of the cantilever has a near-Gaussian profile and can be described by

F̂(x|ω) = A(ω)e
−(x−x0)

2

2σ2 (4.16)

where A(ω) is the peak power of the beam at a frequency of ω and σ2 is the variance.

Integration of Eq. (3.68) with a Gaussian function is sufficiently complicated that it should

be evaluated numerically.

Two possible loads will be considered in light of the Gaussian profile. The laser can be

moved such that the focal point of the laser is a large distance from the cantilever, causing

σ to increase. The first case that will be considered is the extreme case where σ→ ∞ and

the load can be considered to be uniform across the entire length of the beam. The second

case to be considered here is when the cantilever is placed at the focal point of the beam.

Here σ→ 0 and the load can be considered a point force on the beam.
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4.3 Uniform Loads

The response of the cantilever to a uniform across the length of the beam, F̂(x|ω) =

F̂(ω), is an important case to this study. This case can be solved directly using Eq. (3.68).

Substituting F̂(ω) into Eq. (3.64), the integral solution for the displacement of the beam is

Ŵ (x|ω) =
∫ l

0
G(x,x′|ω)ŝ(ω)dx′

=
F̂(ω)

EI

∫ l

0
G(x,x′|ω)dx′.

(4.17)

The frequency of the driving load that will be used for experimentation will be 25

rads−1. At this frequency the value of B(ω) is 0.0285 and 0.0881 for the 225 µm and

500 µm cantilevers respectively. The result from integration can be simplified using the

small value approximation for trig functions. This will give us the displacement of the can-

tilever for a uniform load at sufficiently low frequencies. From this it can be found that the

displacement of the beam is

Ŵ (x) =
F̂(x)
24EI

(
6x2l2−4x3l + x4) . (4.18)

Taking the derivative of this result the slope can be found,

dŴ (x)
dx

=
F̂(x)
6EI

(
2xl2−2x2l + x3) . (4.19)

The detection point, the position along the beam that the detector is sensitive to, is

located as close to the free end as possible. As will be discussed in Ch. 7, the detector

measures the slope of the beam. To determine the displacement of the free end from the

measured slope of the beam a conversion factor, ζ, will be necessary. ζ is defined as

ζ(x)≡ l
Ŵ (l)

dŴ (x)
dx

=
1
3

(
12

x
l
−12

x2

l2 +4
x3

l3

)
. (4.20)
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Figure 4.5: ζ describes the ratio of the slope of the cantilever at x with the displacement of
the free end.

4.4 Point Loads

Loads that are applied at a point along the cantilever can be described by F̂(x|ω) =

F̂(ω)δ(x− x0). Solving for the displacement of the free end of the cantilever is determined

by substituting this load into Eq. (3.64) and Eq. (3.68) to obtain

Ŵ (l|ω) =
∫ l

0
G(l,x′|ω)ŝ(ω)dx′

=
F̂(ω)

EI

∫ l

0
G(l,x′|ω)δ(x′− x0)dx′.

(4.21)

The result of evaluating this integral is
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W (l|ω) = l3F̂(ω)

2EIB3(ω)(1+ cos(B(ω))cosh(B(ω)))

×



{[cos(B(ω))+ cosh(B(ω))]

× [sin(B(ω)x0/l)− sinh(B(ω)x0/l)]

− [sin(B(ω))+ sinh(B(ω))]

× [cos(B(ω)x0/l)− cosh(B(ω)x0/l)]}

(4.22)

As this is a force applied at a specific point along the beam it is more convenient to

express this in terms of the total force that is applied at that point as opposed to the applied

load. In terms of the applied load the total force is F(ω) = lF̂(ω).

The displacement of a cantilever due to a point load is proportional to the Green’s func-

tion, thus Fig. 4.1 shows the response of the beam due to a point load. This result demon-

strates a benefit of driving the beam with a point load. As a point load is moved toward

x = 0 the maximum displacement of the beam is reduced. This makes it possible to control

the displacement of the beam by either moving the location of the point load or varying its

intensity.

4.5 Laser Load

The load that is applied to the cantilever is assumed to be uniform across the length of

the beam, allowing the previous result to be employed. For the laser to apply a force to

the cantilever a small AC voltage was applied to the laser on top over a relatively large DC

voltage. The resulting load of the laser can be expressed as

F̂laser(ω) = f̂DCδ(ω)+ f̂ACδ(ω−ωAC) (4.23)

where f̂DC and f̂AC are the loads caused by the DC and AC components with units of

Nm−1, and ωAC is the frequency of the AC component with units of (rad/s)−1. It can be

seen that the load caused by the laser can be written as the sum of two loads of the same
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form, f̂n(ω)δ(ω−ωn) where ωn is the driving frequency and f̂n(ω) is the load at ωn. The

following derivation will continue using this generalized form.

f̂n(ω) is directly proportional to the magnitude of the radiation, pn, at that frequency.

The radiation pressure is

pn =
In

c
(4.24)

where In is the intensity of the beam at ωn and c is the speed of light. From this the load

that is applied to the cantilever is

f̂n(ω) =
Inlw
cl

=
Inw
c

. (4.25)

The derived result for F̂n(ω) does not account for the reflectivity of the beam. If the beam

that is being driving is perfectly reflected and perpendicular to the beam, then a factor of 2

must be accounted for. This result can be substituted into Eq. (4.23) and then used to solve

for the resulting deflection, Eq. (4.18), and slope, Eq. (4.19), of the beam.

4.6 Conclusion

The Green’s function was solved explicitly in terms of trigonometric functions. The

coefficients of the Green’s function were then obtained by using the boundary conditions.

The solution was then checked by plotting the Green’s function and its first three deriva-

tives. This allowed the plots to be compared with boundary conditions ensuring that the

derivation was performed correctly and that the required discontinuity was present for the

third derivative.

The response of a cantilever to a uniform load and a point load at x0 have been deter-

mined. The case of a uniform load is of particular importance as the driving laser will be

modelled as a uniform load. This allows for a simple and explicit result to be obtained

which can be used to reduce the computation time of the model. This result allowed a con-
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version function ζ to be determined which allows the displacement to be calculated from

the measured slope of the beam. Point loads will not be used for further experimentation.

They are of theoretical interest as they can be used to drive the motion of the cantilever.

They also provide the benefit of allowing the maximum amplitude of the cantilever to be

controlled by either the amplitude of the driving load or the position of the point load along

the beam.
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Chapter 5

Damped Harmonic Oscillator Model

5.1 Overview

In the past AFM cantilevers peaks have been modelled as if they were created by a DHO

for calibration and analysis [51, 56, 57]. This model was used as it is relatively simple and

can be applied to the first mode’s peak, the dominant mode. The DHO model was used

by Walters et al. in a study to determine the benefits of using short micro-cantilevers for

AFM applications. They determined that the DHO model was sufficient for the simple case

of studying the first resonant peak [58]. This method of fitting the data was done as it fits

the resonant peaks individually while the EBBE model is a multi-peak fit. This model has

the specific downfall that it does not rigorously account for the true geometry of the beam

nor does it account for the higher order modes. The DHO model will be derived here from

both the equation of motion for the DHO and the EBBE model and then compared with

the EBBE model solution to ascertain the reliability of the DHO model. This final analysis

will also include some discussion of the effects of the fluid on the motion of the beam. This

analysis will be predominantly based on the EBBE model but will also show the resulting

differences between the two models as the fluid starts to diverge from the assumptions used

to derive the DHO model.

5.2 Damped Harmonic Oscillator

This section derives the DHO model from the equation of motion. The equation of

motion will include both a dampening term along with a generic driving force. To determine
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the motion of the DHO in the frequency domain, the Fourier transform of the equation of

motion, a function of time, must be computed. This final result will be comparable with

the EBBE model and the DHO model that will be derived from the EBBE using specific

assumptions.

The equation of motion for a DHO is

mẍ(t)+ γẋ(t)+ kx(t) = F(t) (5.1)

where m is the mass of the oscillator, x(t) is the position of the oscillator as a function of

time, γ is the dampening coefficient, k is the spring coefficient, F(t) is the force driving the

oscillators motion and dots imply a time derivative. The Fourier Transform of the equation

of motion is

−mω
2X(ω)+ iγωX(ω)+ kX(ω) = F(ω). (5.2)

This result can be solved to obtain

X(ω) =
F(ω)

m
(
ω2

0−ω2 + iβω
) . (5.3)

where

β = γ/m and ω
2
0 = k/m. (5.4)

The spectral density is simply the magnitude of Eq. (5.3),

|X(ω)|= |F(ω)|

m
√((

ω2
0−ω2

)2
+β2ω2

) . (5.5)

The PSD is defined as [59]
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PSD(X(ω)) = lim
T→∞

1
2T
|X(ω)|2 (5.6)

or in the case of the DHO

PSD(X(ω)) =
G(ω)

m2
1((

ω2
0−ω2

)2
+β2ω2

) (5.7)

where

G(ω) = lim
T→∞

1
2T
|F(ω)|2. (5.8)

Parsevel’s Theorem can be used to determine the expectation value of x(t),

〈x(t)2〉= lim
T→∞

1
2T

∫ T

−T
|x(t)|2dt = lim

T→∞

1
2T

∫
∞

−∞

|x(t)|2dt

= lim
T→∞

1
2T

∫
∞

−∞

|X(ω)|2dω =
∫

∞

−∞

PSD(X(ω))dω.

(5.9)

Applying this and noting that thermal noise can be treated as white noise, we find:

〈x(t)2〉= G(ω)

m2

∫
∞

0

dω((
ω2

0−ω2
)2

+β2ω2
)

=
G(ω)

m2
π

2βω2
0
.

(5.10)

Using the equipartition theorem from thermodynamics, the expectation energy is

mω
2
0〈x(t)2〉= kBT. (5.11)

The previous two results can be combined and solved for

G(ω) =
2kBT βω2

0m2

πk
=

2kBT ω3
0m2

πkQ
(5.12)

where Q = ω0/β. Finally, this result can be substituted into Eq. 5.7 to obtain the PSD of

the DHO, which will be referred to as the DHO model,
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PSD(X(ω)) =
2kBT ω3

0
πkQ

1((
ω2

0−ω2
)2

+
ω2

0ω2

Q

) . (5.13)

5.3 Small Dissipative Effects Model

The applicability of the DHO model for cantilevers can be tested for the case of small

dissipative effects. In this case the imaginary of component of B(ω), Eq. (3.66), is suf-

ficiently smaller than its corresponding real part and each mode of the beam is weakly

coupled and thus can be considered as independent. This will determine if and when the

DHO model can be used for the purposes of understanding the behaviour of the cantilever

and its corresponding noise in general.

Let us only concern ourselves with the frequency range in the vicinity of the resonant

peaks and assume that the width of the peaks is much less than the separation between

peaks. Equation (3.115) will be rewritten in the form

| Ŵ (x|ω) |∼=
∣∣∣∣ an(x)
C4

n−B4(ω)

∣∣∣∣ (5.14)

where | an(x) | is an rms term that is a function of x alone and defined as

an(x) =

 27πkBT l2

k3C4
n

∞∫
0
|αn(ω′)|2dω′


1/2

× | φn(x) | (5.15)

From Eq. (3.66) it can be seen that B(ω) varies as O(ω2) while Γ(ω) varies as O(ω1/2),

by Eq. (3.25) and Eq. (3.51). Due to the dominance of the B(ω) term it will be assumed

for this case that Γ(ω) is a constant around the resonance peak frequency range. The most

easily defined frequency that characterizes the region of interest is the resonance frequency.

One of the limitations of the DHO model is that it only has 1 mode with a resonance peak

located at ω0 as defined in Eq. 5.4. This limitation of the DHO model can be addressed

by considering each mode of the cantilever independently and defining the resonance fre-
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quency for an arbitrary nth mode of the cantilever as ωR,n.

Each mode of the cantilever can then be individually considered, or a sum of modes can

be taken to obtain a result similar to Eq. 3.115 or Eq. 3.116. As a result of the previous

argument Γ(ω) will be evaluated at ωR,n. Now that Γ(ω) has been considered for individual

modes, a similar process should be applied to B(ω). A similar argument can be used for the

need to rewrite B(ω) in a form for individual modes using the resonance frequency for the

individual modes, ωvac,n, and it takes the form

B(ω)∼= Bn(ω) =Cn

√
ω

ωvac,n

[
1+

πρ f b2

2µ
(Γr(ωR,n)+ iΓi(ωR,n))

]1/4

. (5.16)

For the case where there are not dissipative effects Re→ ∞ and Γ→ 0, thus at ωR,n

we have Bn(ω)→Cn. Using this result and the previously stated result that as dissipative

effects become smaller Γi(ω) approaches 0, we find

ωR,n

ωvac,n
=

(
1+

πρ f b2

4µ
Γr(ωR,n)

)−1/2

. (5.17)

This result can be solved for ωvac,n and then substituted into Eq. 5.16 to obtain

Bn(ω) =Cn

√
ω

ωR,n

(
1+

i
Qn

)1/4

(5.18)

where

Qn =

4µ
πρ f b2 +Γr(ωR,n)

Γi(ωR,n)
. (5.19)

The assumption of a small dissipative effect is fulfilled when the imaginary part of Γ(ωR,n)

is much smaller than the real part. This is true when Qn � 1, meaning that the DHO

model cannot be applied if Qn . 1. The assumption that the frequency range of interest is

limited to the resonance peak can be used allowing approximation ω ∼= ωR,n can be used.
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Substituting Eq. 5.18 into Eq. 5.14 we find the Noise Amplitude Spectral Density (NASD)

of the displacement to be

|Ŵ (x|ω)|s ∼= ∑
n

an(x)ω2
R,n

C4
n

1(
(ω2−ω2

R,n)
2 +ω2ω2

R,n/Q2
n

)1/2 . (5.20)

This result can then be used to determine the NASD of the slope,

∣∣∣∣dŴ (x|ω)
dx

∣∣∣∣
s

∼= ∑
n

ω2
R,n

C4
n

1(
(ω2−ω2

R,n)
2 +ω2ω2

R,n/Q2
n

)1/2

∣∣∣∣dan(x)
dx

∣∣∣∣. (5.21)

where

dan(x)
dx

=

 27πkBT l2

k3C4
n

∞∫
0
|αn(ω′)|2dω′


1/2

×
∣∣∣∣dφn(x)

dx

∣∣∣∣. (5.22)

Equation (5.21) will be referred to as the Small Dissipative Effects (SDE) model. This

result can be compared with Eq. 5.13 to see that this is the PSD of the DHO with a different

magnitude.

5.4 DHO Model Application

The EBBE model uses Eq. (3.116) which is related to Eq. (3.115), the equation the

DHO model is based on. The optical lever method used for detecting the motion of the

cantilever makes the equipment sensitive to the slope of the beam, which Eq. (3.116) de-

scribes. The ratio between these two equations is then accounted for by a fitting parameter

in the DHO model. The EBBE model is computed using a program that was written for

this purpose in Python [60]. The model is computed analytically with only the integral of

α2(ω) using a numerical method. The function, quad, that was used is from the standard
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Python package “scipy” [61].

The DHO model is derived for a specific system, a mass on a spring, that does not de-

scribe the geometry of the cantilever, how the spring system works, nor explicitly consider

hydrodynamic effects. The previous result is limited to frequencies around the resonance

frequency of the oscillator and in the case where the dissipative effects are small which

requires Qn� 1. The SDE model has the same form as the DHO model and they are both

subject to the same limitations. It is derived direct from Eq. (3.115) using assumptions

which limits both the frequency range and fluids that it can be applied in. This section

serves to determine when the SDE model is applicable and if it accurately describes a can-

tilever. This will be treated as a model and not a fit. This is done as the SDE model is

derived directly from Eq. (3.115) for a beam and it should have the correct amplitude for

the resonance peaks while the DHO model is not expected to predict the amplitude of the

resonance peaks.

For this comparison the DHO model will be used as a fitting function, DHO fit, using

a least-squares fitting routine for the EBBE model to determine the quality factor and reso-

nance frequency of the first three peaks. The first term of Eq. 5.13 determines the amplitude

of the model but will be considered a fitting parameter along with ω0 and Q. The EBBE

model and SDE model can then be compared against each other using the fit results. For

this analysis the NASD of the slope will be calculated for the first three resonant peaks of

the 500 µm cantilever, using the ideal dimensions as outlined in Table 6.1 using both the

EBBE and SDE models.
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Figure 5.1: Plot of the NASD of the slope as calculated by EBBE model and DHO fits for 3
resonant peaks for a large frequency, ω, range. The solid blue line shows the results for the
EBBE model as calculated for a 500 µm cantilever with ideal dimensions in air. The three
other plots are results for the DHO fit of the first, dashed green line, second, dot dash red
line, and third, dotted black line, peaks. See Table 5.1 for a summary of these results.

The calculated values for the first three resonant peaks of the 500 µm cantilever, EBBE

model, and the resulting fit, DHO fit, are presented in Fig. 5.1. The blue curve of Fig.

5.1 was calculated using Eq. (3.116). The DHO fit was performed three times, once for

each resonant peak. The results for the fits correspond well with the EBBE model at the

resonant peaks. This is expected as the quality factor for all three peaks is well in excess of

1 and all variables were treated as fitting parameters. The results for the quality factor, the

amplitude of the peak and the resonant frequency can be found from the results of the fit;

these are the sources of the values in table 5.1. The noise of the cantilever at low frequencies

is almost entirely accounted for by the noise of the first mode alone, demonstrating how

this is the dominant mode at low frequencies. The higher order modes do not contribute

significantly to low frequency noise. The frequency range of interest for work of this thesis

is concentrated at low frequencies when considering the MOND experiment and thus the
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higher order modes are sometimes ignored. The noise of the higher order modes only need

to be accounted for if an experiment is being performed at frequencies higher than the first

resonant peak.

Figure 5.2: Plot of the NASD of the slope as calculated by the EBBE, blue solid line, and
SDE, red dot dash line, models. The solid blue line is the EBBE model for a 500 µm
cantilever with ideal dimensions. The dot dash red line shows the SDE model for the same
cantilever. The SDE model can be seen as having larger deviations from the EBBE model
as the peak number increases. See Table 5.1 for a summary of these results.

Figure 5.2 shows a comparison of the NASD of the slope for the first three resonant

peaks as calculated by the EBBE model, blue curve and the same as in Fig. 5.1, and

the SDE model, red dot-dash curve. The SDE model was derived from the EBBE model

using the assumption of small dissipative effects. This allowed the EBBE to be solved in a

form similar to that of the DHO. The noise of each resonant peak has not been treated as

individuals as they were for the DHO since the SDE model is derived from the result for a

cantilever. The results that are shown here are the models themselves and not a fit. From

a qualitative analysis of Fig. 5.2 it can be seen that for low frequencies both of the models

approach some constant value of noise and the value for the models are within a factor of
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1.6 of each other. The amplitude of the noise is closest around the resonant peaks of the

first mode which are within a factor of 1.3. The noise at large frequencies starts to differ

significantly where the third resonant peaks differ by a factor of 11.

Table 5.1: Quantitative comparison of the the EBBE model, using values obtained using
the DHO fit, and the SDE model.

DHO Fit SDE Model

Value Value
Difference w.r.t.

DHO Fit [%]

Peak 1

Peak Amplitude

[1/
√

(rad/s) rms]
34.0 44.7 31%

Frequency [rad/s] 31164 31923 2.4%

Quality Factor 18.2 18.9 4.2%

Peak 2

Peak Amplitude

[1/
√

(rad/s) rms]
10.2 29.1 185%

Frequency [rad/s] 197984 200057 1.0%

Quality Factor 42.8 50.7 20%

Peak 3

Peak Amplitude

[1/
√

(rad/s) rms]
1.94 22.4 1050%

Frequency [rad/s] 556479 560165 0.67%

Quality Factor 81.0 84.3 4.1%

The deviations of the SDE model from the EBBE model follow general trends with the

exception of the quality factor. The results for the percent difference of the peak amplitude

show the SDE model predicting results very similar to that the of the EBBE model for the

first peak and the difference increasing with increase mode number. The SDE model was

derived using assumptions that limit it’s application to the first couple of modes and as a
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result this is the expected behaviour. The frequency of the first resonant peak is with 2.4%

for all three peaks and with the percent difference decreasing with increasing mode number.

The absolute difference between the resonant frequencies of the SDE and EBBE models are

increasing with increasing mode number. The quality factor differs from this behaviour as

the percent difference for the first and third peaks are approximately 4.1% while it is a

significantly larger at 20% for the second peak. The source of this deviation is currently

unknown.

The challenge of the SDE model for these peaks, specifically higher mode peaks, may

be caused by one of the assumptions of the model. The cantilever is modelled as an in-

finitely long beam with a finite width. This model is applied using the condition that the real

cantilever will have a significantly large aspect ratio of length/width. Due to this assump-

tion the model is limited to a small number of modes, ideally one based on this analysis.

This limitation is not a significant concern for the work of this study as low frequencies are

of primary interest and the noise contribution from higher order modes at low frequencies

is insignificant compared to the first mode.

5.5 Cantilever Calibration using the DHO Model

The EBBE DHO model and DHO fit can be used to determine the best values for the

EBBE model. The values obtained by the DHO fit can be used as a starting value to give a

good understanding of what is to be expected. Sader et al. [62] discusses a method that can

be used for the purposes of calibrating an AFM cantilever. This paper is intended to deter-

mine the cantilever’s spring constant for use with AFM. The method described by Sader et

al. allows for one dimension of the cantilever to be calculated using information from the

fit in conjunction with some properties of the cantilever and the fluid it is submerged in.

The dimension of the cantilever that has the greatest effect on the resonant frequency of the

cantilever is its thickness and thus it will be calculated here using the width and length as

constants.
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Sader et al. include an equation for fitting to the first resonance peak of the cantilever

based on the PSD of a DHO, Eq. (5.13),

PSD(ω) = Awhite +
Bω4

f

(ω2−ω2
f )

2 +ω2ω2
f /Q2

. (5.23)

The fitting parameters are Awhite which is the noise of the system that contributes to the

signal but is not generated by the DHO or cantilever itself, B which is related to the peak,

the resonant frequency ω f and, the quality factor Q. The values for ω f and Q can be

substituted into an equation provided by Sader et al. to obtain the thickness of the cantilever.

The thickness of the cantilever is calculated by

h =
πρ f luidb

4ρ

(
QΓi(ω f )−Γr(ω f )

)
(5.24)

where Γr(ω f ) and Γi(ω f ) and the real and imaginary components of Γrect(ω), Eq. (3.55),

respectively.

5.6 Fluid Effects

The effects of fluids on resonance frequencies and quality factors for thermally driven

cantilevers will now be considered. Each analysis will be generalized for a cantilever of

arbitrary dimensions. The analysis will be carried out for values that are pertinent to AFM

cantilevers and the fluids that they are generally immersed in. While experimental measure-

ments must be made with the detection point not directly at the free end of the cantilever,

the following results will be calculated for the end of the cantilever, x = l.

This analysis will use two scaling parameters. The first will be the Reynolds number

evaluated at ωvac,1 and the second is based on Eq. (3.66) and the mass per unit length of the

cantilever µ = ρcantbh,

Re =
ρ f ωvac,1b2

4η
and T =

ρ f b
ρch

. (5.25)
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The value of Re is the ratio of inertial forces to viscous forces at the resonance frequency.

This can be solved in terms of the cantilever’s properties by substituting the solution for

ωvac,1 from Eq. (2.40) into the previous result to obtain

Re =
C2

1ρ f

8
√

3η
h
(

b
l

)2
√

E
ρc

. (5.26)

As the cantilever moves in the fluid it will pull some mass of fluid with it, the value of T

is proportional to this mass. The mass that is moved by the cantilever has an effect due

to the inertial forces in the fluid causing the cantilever to move as if it has a larger mass.

From Eqs. (5.25) and (5.26) it is apparent that if a cantilever is uniformly scaled that T will

remain a constant but Re will vary proportionally to the cantilever’s thickness.

The values of Re and T are dependent on the properties of the fluid and the cantilever.

For identical cantilevers, the values of Re range over about 1 order of magnitude between

gases and liquids as the kinematic viscosity, ρ f /η, tends to vary over this range. The value

of T tends to vary significantly more, about 3 orders of magnitude, due to the large variation

of densities between gases and liquids. An analysis will be included to show the different

effects of gases and liquids.

The following plots show the effects of fluids on the quality factor and the frequency

of the resonance peak. The x-axis of the plots is ω/ωvac,1 as this analysis is intended for

a cantilever with arbitrary dimensions. As a result it is expected that the resonant peak in

a vacuum will be at 1. The shift of the resonance peak is compared to the expectation of

the inviscid model, were viscous effects are minimal, that is Re→ ∞. When the dissipative

effects become minimal Γr(ωR,n)→ 0 and Eq. (5.17) becomes

ωR,n

ωvac,n
=

(
1+

πρ f b2

4µ

)−1/2

. (5.27)

For Fig. 5.3, the quantity of interest for the plots is the normalized thermal amplitude

spectra for the cantilever’s displacement which is defined as
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H ≡

√
kωvac,1

2kbT
|Ŵ (x|ω)|2s . (5.28)

While it is a normalized value, from this analysis it will be possible to determine how fluids

will qualitatively affect the noise that is measured for some generic cantilever.

Fluids can have an affect on the quality factor of the resonance peak as well. Considera-

tion is required for this quantity as it will be shown that the quality factor has an influence at

frequencies well beyond the resonance peak. The quality factor for each plot is calculated

using a result from the SDE model derivation, namely,

Qn =

2µ
πρ f b2 +Γr(ωR,n)

Γi(ωR,n)
. (5.29)

Figure 5.3: Normalized thermal displacement NASD H=
√

Jw(1|ω)kωvac,1/(2kbT ) for the
fundamental mode of a cantilever in a gas. The expected resonance frequency as calculated
by the inviscid model, Eq. (5.27), is indicated by the black vertical line. The quality factor
for each plot is shown with it’s respective line. The plots are generated using Re = 0.1
(blue solid line), Re = 1 (green dot dash line), Re = 4.4 (red dotted line) and, Re = 10 (teal
dashed line). Part a) is plotted using T = 0.0059 and part b) T = 0.049.
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For a gas Re and T are on the order of O(1) and O(10−2) respectively. The inviscid

equation does not account for any viscous effects meaning that as Re is decreased, increas-

ing the importance of viscous effects, the inviscid equation remains constant. The inviscid

equation does show that the expected resonant frequency will decrease in a fluid due to

some amount of added mass of the fluid being dragged by the cantilever but it does not

fully account for the observed effects, Fig. 5.3 shows the effects of a gas on a cantilever.

The resonant peak of an generic cantilever been plotted for a constant value of T with four

different values of Re. There is only one accompanying predicted resonant frequency based

on the inviscid model as it is the same for all three values of Re. However, for the values of

T = 0.0059 and T = 0.049 it can be seen that the inviscid model does predict two different

resonant frequencies. This is a direct result of the inviscid model being dependent on T

and independent of Re. The ratio of the resonant frequency in a fluid versus a vacuum can

also be calculated using Eq. (5.17) from the SDE model. This equation also neglects any

dissipative effects while increasing the effects from added mass due to the increase of the

viscosity of the fluid. While not shown here, the discrepancy between the inviscid equation

and the calculated resonance frequency is nearly entirely accounted for using the EBBE

DHO model equation. While it is possible to varying Re and T independently, these results

show that the effects of viscosity and inertial forces act together. The use of Eq. (5.17) helps

to solve the discrepancy between the theoretical and inviscid model resonance frequencies

by allowing the inertial effects to be increased as a direct result of the viscous effects of the

fluid.

For the cases where T is held constant and Re decreases or Re is held constant and T

increases, the resonance peak starts to broaden out and the resonance peak shifts to lower

frequencies, the result of the increased importance of viscous effects. This broadening and

shift are significant issues for the noise of the cantilever at low frequencies. As will be

discussed later, the effects of the fluid cause the energy of the resonance peak to shift to

lower frequencies. This causes the peak amplitude to decrease at the expense of increased
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noise for frequencies less than the peak.

Liquids tend to have higher viscosities and densities than gases do, as a result typical

values for Re and T for liquids are O(10) [58, 63, 64]. The arguments that applied for

gases apply to liquids as well, but, due to the larger viscosity and density of a liquid, the

effects that are observed are much more dramatic. The results for the effects of liquids

on cantilever vibration are shown in Fig. 5.4. The fundamental resonant peak and first

harmonic are modelled in this case as very dense, viscous liquids can cause the second

harmonic resonance frequency to shift to frequencies lower than the expected fundamental

resonant frequency in a vacuum. This extreme shift is particularly prominent in Fig. 5.4b

for the plot where Re = 1 causing the first harmonic resonance peak frequency to be only

about 0.6ωvac,1. The shift of the resonance peak for the first harmonic is so extreme in

some cases, like that where Re = 1, that it starts to become indistinguishable from the

fundamental mode, causing coupling of the modes. For this case the fundamental resonance

peak has shifted to 0.1ωvac,1 causing a significant noise increase at very low frequencies.

The previous results have used values for Re that were specifically chosen for either

liquids or gases. This served well to show general trends of large frequency ranges. The

following analysis will allow Re to vary over larger ranges with more continuity while T

has the values of 0.0059, 0.02 or 0.049 for gases and 5, 20 or 45 for liquids. The values

that were used for these plots were calculated numerically. The noise spectra density of the

cantilever was calculated using Eq. (3.116) over a large range for the resonant frequency.

The resonance peak was found and then the frequency range was narrowed down and the

process repeated until the resonance peak was known to within 0.16 rad/s. The value for the

resonance frequency and peak energy were then recorded. The quality factor was calculated

using Eq. (5.19) which was derived using the assumption that dissipative effects were small,

that is Q� 1. Due to this assumption, the plots where Q . 1 should be considered as a

qualitative assessment of the resonance peak. This region is where there is substantial

broadening of the resonance peak and coupling of the modes becomes significant.
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Figure 5.4: Normalized thermal displacement NASD H=
√

Jw(1|ω)kωvac,1/(2kbT ) for the
first two modes of a cantilever in a liquid. The expected resonance frequencies as calculated
by the inviscid model, Eq. (5.27), are indicated by the black vertical lines. The quality
factor for each plot is shown with it’s respective line. The plots are generated using Re = 1
(blue solid line), Re = 10 (green dot dash line) and, Re = 100 (red dotted line). Part a) is
plotted using T = 5 and part b) T = 20.
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Figure 5.5: Plot demonstrating fluid effects on the quality factor the fundamental resonant
peak, as calculated by Eq. (5.29). Plot a) generated using T = 0.0059 (solid blue line),
T = 0.02 (green dashed line) and, T = 0.049 (red dotted line). Plot b) generated using
T = 5 (solid blue line), T = 20 (green dashed line) and, T = 45 (red dotted line).
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Figure 5.6: Relative fundamental resonance frequencies with respect to ωvac,1 for a broad
range of Re. Plot a) generated using T = 0.0059 (solid blue line), T = 0.0.2 (green dashed
line) and, T = 0.049 (red dotted line). Plot b) generated using T = 5 (solid blue line),
T = 20 (green dashed line) and, T = 45 (red dotted line).
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Figure 5.7: Normalized thermal displacement NASD H=|Jw(1|ω)|2kωvac,1/(2kbT ), square
root of Eq. (3.115), for the fundamental mode of a cantilever. Plot a) generated using
T = 0.0059 (solid blue line), T = 0.02 (green dashed line) and, T = 0.049 (red dotted line).
Plot b) generated using T = 5 (solid blue line), T = 20 (green dashed line) and, T = 45 (red
dotted line).
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The peak energy of the cantilever at the resonance frequency is observed as noise in the

measurements. This can be a challenge as the cantilevers are occasionally driven around the

resonance frequency. Figure 5.7 shows the results for the normalized peak energy and finds

that a local minimum occurs about when Q' 1 for varying Re, compare with Fig. 5.5. This

effect can be observed in Fig. 5.4. It is clear for a cantilever in a liquid that the peak energy

is at a minimum when Re' 10. This response of the cantilever to the surrounding fluid can

be used advantageously in the case of the AFM application as selecting the correct fluid for

a given cantilever can reduce peak energy and thus the measured noise if measurements are

taken around the resonant frequency.

The reduction of peak noise comes at the cost of low frequency noise. The fluid sur-

rounding the cantilever causes the energy at the peak frequency to be shifted to lower fre-

quencies. In the case where the quality factor is sufficiently large, Q> 1, significant shifting

of the resonance frequency will not have occurred allowing the redistributed energy to be

spread out across a large frequency range. In the case where the fluid causes large amounts

of peak broadening and resonance frequency shift, Q < 1, the frequency range for energy

redistribution to frequencies less than the resonant peak becomes small. Broadening and

shifting will continue to occur as the fluid increases its effects on the cantilever. The re-

distribution of energy starts to become less significant, given that the bandwidth between

0 rad/s and the resonant peak becomes small, causing the resonance peak to start gaining

peak energy. This is particularly problematic for the application of the potential MOND

experiment. This experiment must be performed at very low frequencies where redistribu-

tion of energy causes a steady increase of noise at low frequencies as the fluid increases

its effects. As a result of this, the MOND experiment should be performed in a vacuum as

fluid can only have detrimental effects.

In Sec. 5.3 it was shown that in the case of small dissipative effects that the resonance

peak can be described by the DHO model. Figure 5.8 is a comparison of the DHO model

with the first mode of the more complex model derived for a beam. The comparison is
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Figure 5.8: The EBBE model (solid blue line), square root of Eq. (3.115), is presented here
using a normalized amplitude with respect to unity, Re = 10 and T = 15. The DHO model,
square root of Eq. (5.10), is fit to this data (dashed green line).

computed using the values Re = 10 and T = 15 as this causes Q' 1, where the assumption

of small dissipative effects breaks down. This plot was created by fitting the DHO model to

the beam model. From this fit it can be seen that the DHO model predicts that the measured

noise will be larger at lower frequencies and less at higher frequencies. While the DHO

model reasonably fits the beam model’s resonant peak, there is significant deviations at

both low and high frequencies. This makes the model inaccurate and not reliable. If a

cantilever were being used in a case where Q . 1, for example if the fluid were a liquid

like water or oil, the DHO model would not be sufficient and the beam model would be

required.

5.7 Conclusion

The DHO PSD has been derived from the equation of motion for a DHO and also from

the EBBE model of a cantilever, albeit with the assumption of small dissipative effects.
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The derivation of the DHO PSD from the EBBE model shows that in specific cases it is

possible to model a cantilever as a DHO. This fit showed that the DHO can be applied to

the resonant peak when dissipative effects are sufficiently small, demonstrated by fitting the

DHO model to the EBBE model.

The DHO model had been employed in the past for the purposes of calibrating AFM

cantilevers. Over the years AFM has advanced and it is now possible for AFM imaging to

work in a variety of different fluids, including liquids like oil. The DHO model was derived

using the assumption of small dissipative effects which is reasonable in the atmosphere but

is not necessarily true for viscous fluids like oil. The DHO is a system that has only one

mode and as a result it cannot account for the higher order modes of the cantilever. This

issue can be overcome by considering multiple different DHOs contributing to the signal,

but the resonant frequency and quality factor of one mode cannot be predicted using the

results of a different mode.

The effects of fluids on the NASD of a cantilever have also been studied. It was demon-

strated that a beam in a fluid will have its resonance frequency shifted to a lower frequency

and the resonance peak will become broadened. The shifting and broadening of the reso-

nance peak causes energy from the resonance peak to become distributed to lower frequen-

cies thus increasing low frequency noise and reducing high frequency noise. This could

be used for a beneficial effect if a cantilever is being used to obtain an AFM image where

the cantilever is driven at a very high frequency. With reduced noise at high frequencies it

could be possible to increase the SNR. However, in the case of the MOND experiment this

causes an issue. The cantilever is intended to be driven at a very low frequency, a frequency

range with increased noise due to the fluid, as a result the ideal option is to perform the

MOND experiment in a vacuum to minimize low frequency noise.
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Chapter 6

Experimental Apparatus

6.1 Overview

This chapter discusses the equipment that is used for measuring the cantilever’s motion

and how individual components of the Lock-In Amplifier (LIA) influence the final mea-

surement. The general layout of the equipment that is used for the experimental procedures

will first be considered.

The experiments to measure the noise of a cantilever will be completed with two differ-

ent cantilevers. The cantilevers that were chosen have different dimensions, most notably in

their length and thickness, causing them to have resonant frequencies that vary by an order

of magnitude. Given the small size of the cantilevers, sub-millimeter range, it is difficult

to produce a type of cantilever where each cantilever has the ideal dimensions. As a result

of this, cantilevers will be produced with dimensions that are within some range causing a

range of possible spring constants and resonant frequencies within a production run. The

effects of the range of possible dimensions will be analyzed to determine which dimension

has the greatest effect on the resonance peak.

The other components of the experimental equipment that will be discussed are the

driving and detection laser as well as the detector. The primary component that is used for

data acquisition is the lock-in amplifier. This piece of equipment will also be discussed

focusing on specific portions of its analysis processes that it uses for processing the input

signal before returning a measurement value. The interest for the lock-in amplifier is to

consider the important factors that directly influence the SNR and wait time required for
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each measurement.

6.2 Equipment Overview

Figure 6.1 shows a top down view of the cantilever, detector and various lasers. The

specifics for how each component works will be discussed in their respective sections; here

we simply outline the position of each component and the path of the laser beams.
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Figure 6.1: Schematic diagram of cantilever detection and driving setup. The individual
components are: 1. driving laser, 2. pulsing laser beam to drive cantilever, 3. filter com-
bination to reduce driving laser intensity, 4. detection laser, 5. detection laser beam at
constant power, 6. filter to reduce power from detection laser, 7. mount used to hold the
cantilever in place, 8. the cantilever, and 9. the detector.

Position detection of the cantilever is done using the optical lever method from atomic

force microscopy. The optical level method uses a reflected laser off the cantilever. The

cantilever’s deflection will cause the angle of the reflected beam to vary. The deflection of

the beam is then calculated based on the angular shift of the beam. Referencing Fig. 6.1, a

laser with constant power, 4, is reflected off the cantilever, 8, towards a photo-diode detec-
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tor, 9. The difference output of the detector, discussed in section 6.4, is used to measure the

deflection of the beam which can then be used to calculate the cantilever’s motion.

The driving laser, 1, is used for experiments which require the cantilever to be driven at

a specific frequency. The pulsing laser causes the radiation pressure to drive the cantilever

at the same frequency and phase of the driving laser. To measure the driven motion of the

cantilever the X-output of the lock-in amplifier, subsection 6.8.4, is used.

6.3 Cantilevers

The cantilevers that will be used for the pertinent experiments are supplied by NanoWorld

Innovative Technologies [65]. The following subsections will discuss the range of values

that the two sets of cantilevers could have after production. Manufacturing of the can-

tilevers also includes some processes that are intended to help improve the signal obtained

and the discussion will consider how this affects that cantilever and if it needs to be ac-

counted for in the model. Finally, the EBBE model will be used to compute the expected

noise and resonance frequency for the cantilevers if one of their dimensions is at the maxi-

mum or minimum value for the guaranteed range. This will demonstrate how the resonant

frequency is affected by the dimensions and determine which dimension has the greatest

effect on the cantilever’s noise.

The cantilevers used for these experiments were manufactured by NanoWorld. The

cantilevers are manufactured using a chemical or dry etching process [66]. The process of

etching is performed by applying a protective coating that forms the pattern of the desired

cantilever. The process of wet etching uses a liquid that is poured over the silicon substrate

creating a soluble by-product that can be washed away. This process can also be performed

using a gas which removes the substrate instead, this is dry etching. The protective coating

prevents a portion of the substrate from being dissolved by the etching compound. This

causes a remnant of silicon to be left behind in the shape of the protective coating [67].

The cantilevers have a thin coating that is applied that increases their reflectivity. This is
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completed through the use of chemical vapor deposition. This process is often used to coat

surfaces, such as metals or ceramics. The parts that are to be coated are heated and the

material that is to be deposited is evaporated. The heat causes evaporated particles that

come into contact with the surface to chemically react and bond to the surface, creating a

thin layer [68].

In the case of chemical etching the silicon has a protective coating applied and then the

etching chemical is poured over. The protective coating keeps a small part of the silicon

from being removed during the etching process. The cantilevers are produced for AFM

applications and thus have a small tip that is perpendicular to the length and width of the

beam.

The cantilever has been designed with two features that are intended to help increase

the reflectivity of the beam. The cantilever is designed with a trapezoidal cross section. The

detection side of the cantilever is wider than the sample side, increasing the surface area

that is reflecting the detection laser to the detector. The difference in size is small, 1.4 µm,

compared to the width of the beam [66]. It will be assumed that the tapered edges of the

cantilever are small enough that they do not affect the dynamics of the cantilever and thus

this will be ignored.

Figure 6.2: Cross-sectional schematic of cantilever. The cantilevers are manufactured such
that they are slightly wider at the top where the detection laser is reflected off as compared
to the sample side. This causes an increase of up to 30% of the reflecting surface, increasing
the amount of the incident beam that is reflected toward the detector.

The detection side of the cantilever is also coated with gold, approximately 35 nm thick,

to increase the reflectivity. The coating is applied using sputtering or evaporation. This

process can be difficult to control and as a result the thickness and dispersion across the
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cantilever cannot be known precisely. The coating is either gold [69] or PtIr5 [70], both

of which have a higher density than the silicon that the cantilever is made of. As a result

this coating has a notable effect on the density of the cantilever and must be accounted for.

It will be assumed that the total thickness of the coating is thin enough that it will have

no effect on the elastic properties of the cantilever despite it increasing the density of the

cantilever.

The coating is very thin compared to the thickness of the cantilever, however, gold is

over 8x denser than silicon and can affect the cantilever’s dynamics. Equation (2.41) shows

that the resonance frequency of the cantilever is proportional to µ−1/2. The density of the

cantilever can be calculated using the density, ρSi, and thickness, hSi of the silicon and the

density, ρcoating, and thickness, hcoating, of the coating as

ρ =
ρSihSi +ρcoatinghcoating

hSi +hcoating
. (6.1)

6.3.1 Ideal and Guaranteed Dimensions

The process that is used to produce the cantilevers is largely proprietary and thus this

information is not shared with consumers. However, from the data sheets for the cantilevers

and a NanoWorld brochure [71] some information about the general construction and guar-

anteed values can be determined.
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Table 6.1: Manufacturer specified values for the 225 µm and 500 µm cantilevers.

225 µm

Cantilever

500 µm

Cantilever

Ideal Value
Guaranteed

Range
Ideal Value

Guaranteed

Range

Length [µm] 225 220-230 500 495-505

Width [µm] 28 22.5-32.5 100 95-105

Thickness [µm] 3.0 2.5-3.5 1.0 0.5-2.5

Resonant Frequency [krads−1] 471 364-609 38 19-88

Force Constant [Nm−1] 2.8 1.2-5.5 0.03 0.004-0.54

The first cantilever that will be discussed here will be referred to as the 500 µm can-

tilever [69]. This cantilever is made from highly doped, single crystal silicon, and has ideal

values for the length of 500 µm, a width of 100 µm and a thickness of 1.0 µm; see Table 6.1

for guaranteed values. This cantilever comes from the NanoWorld Arrow series and as a

result it has a triangular tip that is intended to help position the tip over the area of interest

for AFM experiments. This feature is not beneficial for this work as the model that will

be developed to describe the motion of the cantilever will use the assumption that the can-

tilever is rectangular in nature with an abrupt tip. It will be assumed that this pointed tip has

a trivial affect as the length of the cantilever is relatively large when compared to the short

portion which is affected at the very end of the beam. The arrow tip affects approximately

the last 10% of the beam where bending moments will be found to be very small compared

to the rest of the beam.

The second cantilever [70], also made from single crystal silicon, will be referred to as

the 225 µm cantilever. The ideal values for this beam are 225 µm for the length, 28 µm

for the width and 3.0 µm for the thickness, see Table 6.1 for the guaranteed values. This
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Figure 6.3: Zoomed in photograph of the 500 µm cantilever. This image shows the pointed
tip which causes the last 10% of the tip to deviate from the expected rectangular shape.

cantilever is not part of the Arrow series and does not have a pointed tip at the end of the

beam. It does, however, share the same trapezoidal cross section and have a coating, 25

nm PtIr5 coating in this case. The PtIr5 coating increases the reflectivity of the beam and it

also makes electrical measurements a possibility; one that will not be explored in this work.

The same assumptions that were made for the 500 µm cantilever for the trapezoidal shape

and coating will be made for the 225 µm cantilever as well.

The resonance frequency of the 225 µm cantilever is expected to be 471 krads−1 while

the 500 µm cantilever is only 38 krads−1. This is due to the 225 µm cantilever being over

2x shorter, 3x thicker and having a spring constant nearly 100x larger than that of its 500

µm counter part.

6.3.2 Variation of Dimensions

This section investigates the effects of the dimensions of the cantilever on the resonant

peak and the low frequency noise. The effects for both the 500 µm and the 225 µm can-
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tilever will be considered here for the varied length, and thickness and width values for the

manufacturer’s guaranteed range (see Table 6.1). The analysis will assume that the fluid

that each cantilever is subjected to remains a constant for all cases.

Let us start with the resonance frequency. The resonance frequency for the nth mode

can be solved by substituting Eq. (2.36) into a result for a rectangle beam in a fluid from

Lindholm et al. [72],

ωvac,n

ωR,n
=

(
1+

πρ f b
4ρcanth

)1/2

(6.2)

to find

ωR,n =
C2

n
l2

√
EI
µ

(
1+

πρ f b
4ρcanth

)−1/2

. (6.3)

The resonant frequency can be solved in terms of the cantilevers dimensions by using the

area moment of inertia for a rectangle, I = bh3/12, to obtain

ω0 =
C2

1
l2

√
Ebh3

12µ

(
1+

πρ f luidb
4ρcanth

)−1/2

∝

√
bh3

l2 ,

(6.4)

where the final proportionality can be made as the term in brackets is on the order of 1.

From this result, since all dimensional values are less than 1, the resonant frequency is

dominated by an O(l−2) term, and is influenced by an O(h3/2) term while a variation of the

width of the cantilever has a very small effect.

Figures 6.4 and 6.5 show the thermal NASD for the 500 µm and 225 µm cantilevers,

respectively, if the dimensions are allowed to vary across the guaranteed range. For each

of the figures, the results of varying the width, length and thickness of the cantilever across

the guaranteed range are shown in the top, middle and bottom plots respectively. The width

of the beam was found to have a minimal effect on the resonance peak of the cantilever.

The lowest resonant frequency was found to occur when the cantilever was its either its
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thinnest or its longest possible value. In both cases it can be seen that since the thickness

of the cantilever is so small compared to the other dimensions, a 1-2 µm change causes a

much larger shift in the resonance frequency. Due to the models increased sensitivity to

this parameter it is treated as the primary dimension. The length and width of the cantilever

are considered ideal and for the purposes of the model these two dimensions are given their

ideal values. Section 5.5 derived a result that allows the thickness of the cantilever to be

calculated based on some measured or fitted values and the width. The advantage of this

method to determine the cantilever’s thickness is its dependence only on width, the value

that affects the resonance frequency the least, and is independent of the length.

Figure 6.4: EBBE model results demonstrating the effects of varying the 500 µm can-
tilever’s dimension on the fundamental resonant peak. Each subplot varies a different di-
mension as labelled on the subplot. The blue dashed line corresponds to the minimum
guaranteed value, the solid green line is the ideal value and the red dotted line is the maxi-
mum guaranteed value. All values are based on Tab. 6.1.
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Figure 6.5: EBBE model results demonstrating the effects of varying the 225 µm can-
tilever’s dimension on the fundamental resonant peak. Each subplot varies a different di-
mension as labelled on the subplot. The blue dashed line corresponds to the minimum
guaranteed value, the solid green line is the ideal value and the red dotted line is the maxi-
mum guaranteed value. All values are based on Tab. 6.1.

The choice of cantilever for the future MOND experiment is highly dependent on the

performance of the cantilever at very low frequencies, specifically low noise is best. Based

on the previous analysis it can be determined that a thicker cantilever will have a resonance

frequency that is shifted to higher frequencies. Due to the higher resonance frequency there

can be significantly less noise at low frequencies. The 500 µm cantilever is an extreme

example of this as the predicted noise for the low versus high resonance frequency is an

order of magnitude larger. The 225 µm cantilever significantly out performs the 500 µm

cantilever at low frequency noise levels thanks to the very high resonance frequency due to

its increased thickness.
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6.4 Detector

The detector uses a circular quadrant photo-diode array and has three different outputs.

The first is the sum output which provides information about the total incident power strik-

ing the detector. The other two work on the same principle as each other. These outputs

use a difference calculation based on a hemisphere on one side minus the other, either the

top and bottom or left and right. The left minus right output is used for experiments and is

referred to as the difference output.

The sum output is used to obtain a constant required for the detector model and con-

tributes to determining the voltage to displacement conversion factor. The sum value is

measured with a multimeter once at the beginning of the experiment and is assumed to be

constant.

The Voltage To Displacement (VTD) conversion factor, Cuv with units of V/m, is the

change of the difference output as a result of the laser shifting from one side to the other.

The motion of the cantilever causes the laser to move back and forth between the left and

right sides of the detector. All experiments that measure the cantilever motion use the LIA

connected to the difference output.

The detector is composed of two different parts. First there is the circular silicon surface

that is separated into four quadrants and outputs some voltage based on the total incident

light striking each individual quadrant. The laser is aimed directly at this surface. The

second component is the circuitry. There are three distinct circuits that determine the three

outputs: sum total off all the quadrants, the difference between the left two quadrants versus

the right two quadrants and, the difference between the top quadrants and the bottom quad-

rants. The two circuits dealing with the difference calculation use differential amplifiers for

this calculation.

For simplicity let us consider the differential amplifier alone. It has two inputs, Vr and

Vl , and a single difference output, Vd . The output is easily calculated as it is simply a

difference, that is Vd =Vr−Vl . In the case where both inputs of the amplifier are increased
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or decreased by a uniform amount, Vc, the new values for Vr and Vl will become Vr +Vc

and Vl +Vc respectively. Substituting these values into the equation for Vd , it can be found

that Vd does not change when both Vr and Vl are changed uniformly. A similar situation

can also be considered where Vr and Vl are changed by some amount that is not equal for

both inputs. Let Vr be increased by some value Vc to become Vr +Vc while Vl is increased

by some fraction, f , of Vc to be Vl + fVc. In this case the output of the differential amplifier

will be Vd =Vr−Vl +(1− f )Vc. In the case where f = 1 it is clear that this result reduces

to that where Vr and Vl are increased uniformly.

The following discussion will use the silicon surface of the detector as the voltage source

which has an output that is directly proportional to the amount of incident light striking

it. The left-minus-right circuit of the detector works by subtracting the output of the left

hemisphere from the right hemisphere. If we call the voltage from the right hemisphere

Vr and the voltage from the left hemisphere Vl we find that the output of the difference

amplifier is Vd =Vr−Vl; the same result as found in the previous discussion.

If the laser is aimed such that there is an equal amount of light striking the left and right

hemispheres of the detector it will be found that Vr = Vl . The output of the laser is not

perfectly constant, it has noise. Let us assume that this noise causes the laser’s output to

vary by some factor that is constant across the entire beam. The noise will cause an equal

increase of intensity on both hemispheres. From the previous discussion it was found that

the output of the differential amplifier does not change in this case. However, if the laser

is shifted over to the right hand hemisphere it will be found that Vr > Vl and the variance

of Vr will be greater than that of Vl . Noise that occurs equally at Vr and Vl is referred

to as common mode noise. Due to how differential amplifiers work, they are capable of

significantly reducing common mode noise. As a result of the concepts introduced here it

is expected that the laser noise will reach a minimum value when Vr =Vl and progressively

increase to a maximum as the laser is shifted off center to one side or the other.

106



6.6. DRIVING LASER

6.5 Detection Laser

The detection laser is a 635 nm low noise laser used to measure the motion of the

cantilever and is powered by a constant voltage. The laser is passed down a fibre optic

cable to a lens with a focal length of approximately 3.5 cm. The free end of the cantilever

is placed at the focal point to maximize the intensity of light reflected to the detector. The

detector has an amplifier which makes possible sensitive measurements but as a result issues

of saturating occurred at very low laser power levels. In an effort to avoid saturation, the

detection laser had to be at a minimal power level, so low its output was unstable causing

measurement issues and excess noise. An optical filter was added between the fiber optic

cable lens and the cantilever. This allowed the laser to be run at a higher, stable power level

while reducing saturation.

The detection laser is aimed at the cantilever at an angle of incidence around 25◦. This

laser must be aimed at the cantilever at some angle of incidence for two reasons. First,

the reflected beam from the laser must strike the detector to make a measurement. The

laser and detector take up physical space and thus must be spread out. The angle that is

used is intended to be as shallow as possible as the beam from the laser has a non-trivial

diameter. If the angle of the laser is too large then the beam becomes “smeared out” across

the cantilever and reduces the laser’s ability to illuminate a very small region of the beam.

The second reason that the angle of incidence is beneficial is that this causes the detector

to not be directly inline with the driving laser. A filter is placed in front of the detector to

help block light from the driving laser. However, by having the detector off the axis of the

driving laser beam, less of the driving laser’s intensity will influence the detectors output.

When the cantilever is deflected the angle of incidence increases or decreases depend-

ing on the direction of deflection. Due to the fact that the reflecting surface, the cantilever,

is what moves, the change of the angle of reflection is twice the change of angle of inci-

dence. This proves beneficial as it increases the laser’s displacement across the detector and

improves the signal strength.
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6.6 Driving Laser

The laser that drives the motion of the cantilever is a 405 nm laser diode and is not

intended to directly influence the detector. The laser requires both an AC and DC signal

for it to have a smooth and linear response to a varying voltage powering it. The DC signal

causes the laser diode to have a constant power output in a power region that is known to

have a linear response to the supply voltage. The AC component causes the power to vary

and drive the cantilever’s motion. An optical filter was added in front of the detector in

an effort to keep this laser diode from influencing the detectors output. The filter allows

approximately 87% of the detection laser to pass while nearly completely blocking the

driving laser.

The driving laser beam is aimed such that it is nearly orthogonal with the cantilever’s

surface. The force due to the laser is proportional to cos2(θ) where θ is the angle of inci-

dence. Since the derivative of cos2(θ)→ 0 as θ→ 0, aligning the laser orthogonal to the

cantilever’s surface maximizes the force the laser applies to the cantilever while minimizing

the error caused if θ is varied.

The alignment procedure is intended to minimize θ while not actually making it zero.

The laser is reflected off the cantilever and a piece of paper is used to find the reflected

beam. The laser is then moved to cause the reflected beam to be nearly anti-parallel to the

incident beam. There is a small angle of incidence, about 5o, that is maintained to avoid

optical feedback at the diode.

The experiments that require the cantilever to be driven by the laser have shown that

the laser over drives the cantilever causing the acceleration levels of the cantilever to be

well outside of the MOND regime. To lower the acceleration levels of the cantilever the

power of the laser must be reduced. This cannot be done sufficiently with the power supply

used. Two methods have been employed to help with this issue. The first is the addition

of an optical filter to reduce the intensity at the cantilever. The second method involved

de-focusing the laser causing the total power of the laser to be spread out over an area of
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approximately 1 cm2. This was beneficial for two reasons. Given the small size of the

cantilever compared to the beam diameter and the reduced peak intensity, the total driving

force of the laser was significantly reduced. Also, the mathematical model that is used

to describe the motion of the cantilever as a result of the driving laser assumes that the

power of the laser is uniform across the entire length of the cantilever. The driving laser’s

profile is Gaussian in nature; however, by increasing the beam diameter the value for sigma

describing the profile was also increased causing a smaller variation across the length of the

cantilever.

6.7 Equipment Mounts

The cantilever, detector and lasers were all mounted to a mounting plate. While this

was very tight, it was found that this was possible to fit all the required equipment on this

plate. It was later determined that this was not a viable option as it held the driving laser

too close to the cantilever. The previous section discussed the need to pull the driving laser

away from the cantilever to reduce the total driving force. To solve this issue a second plate

was used to extend the mounting space and the driving laser was then moved. One of the

spare C-holders was used to hold the two plates together such that the driving laser could

not shift out of alignment.

The cantilever resides on a 3D printed prism that has a small notch for the base of the

cantilever to seat into. It is held in place using a small strip of metal that is pressed down

onto the cantilever using a spring. The prism is then set onto a Newport ULTIMA Gimbaled

Three-Axis Optic Tilt Mount. This mount has a flat plate top with a single pillar and arm

to hold prisms in place. To help reduce the alignment time a small guide plate was 3D

printed. The guide plate had a triangular section cut out that the prism could be set into,

thus forcing the cantilever to occupy nearly the same position relative to the equipment after

it had been removed and placed back in. In general the cantilever would not be pulled out

of the equipment until after the full gamut of experiments had been performed. However,
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when a set of experiments were complete and it was time to work with a different cantilever,

the cantilever could be swapped out for a second one in the prism and the prism set into the

guide plate. The time required to correct the alignment for a second cantilever was reduced

from potentially hours to a more common couple of minutes.

The pumping cavity and enclosure for the detection laser is located away from the ex-

perimental equipment and then the beam is transferred to the where it is required by a fibre

optic cable. The fibre optic cable has a non-adjustable lens at the end. The only adjustment

that can be made was via the mount used to hold the end of the fibre optic cable in position.

The mount has screws that position the mount by pressing into the back of it. This allows

the alignment of the laser to be adjusted both left/right or up/down. Due to the fixed lens

the focal length of the laser cannot be changed. It was found that the focal point was at

approximately 3.5 cm and thus the laser mount was bolted to the mounting plate at approx-

imately this distance away from the cantilever. The position of the laser was moved until

the focal point was as close as possible to the cantilever and then the screws on the plate

holding the laser itself were adjusted to obtain a good alignment.

Using the original equipment setup that used only the one mounting plate, it was deter-

mined that a stand for the filters would be required that would hold the filters very close to

the cantilever due to the cramped space between the two lasers and the cantilever. With the

new system where the driving laser has been moved to a second plate there was more space

and the filter for the driving laser could be moved significantly further away allowing space

for two filters but this would require cutting up the mount. The filter stand is made out of

acrylic that is welded together using acetone. The stand uses a back plate that is slightly

sloped with two pegs to hold each filter in place. As a result the filters are not fixed to the

stand but rather easily slide off the pegs that hold them in place. This allows filters to be

easily changed without affecting any of the other equipment. For the purposes of driving

the cantilever, it was found that a single filter did not reduce the intensity of the incident

light enough and thus two were required. The space between the filter for the driving laser
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and the cantilever is not enough to fit two filters. The first filter had to be hung from the

face of the driving laser mount as a slight angle to reduce optical feed back effects while

the second was placed on the stand.

The driving laser is a laser diode that is mounted within a Newport LP-05A along with a

lens. The laser diode is held rigidly in place while the mount allows the lens to be adjusted

in the X, Y and Z directions as well as rotationally about the X and Y directions. This

mount also allows the focal length of the beam to be adjusted which proved essential for

the driven cantilever experiments. This laser was moved to a second mounting plate to

increase the distance between the laser and cantilever to reduce the total incident light from

this laser on the cantilever.

The detector was mounted on a linear translation stage. This allowed the detector to

be adjusted both vertically and left/right. The vertical alignment was used to adjust the

detector such that the laser was aimed at either the lower or upper two quadrants. The

detector has a small gap between each quadrant referred to as the “silicon gap” that is 0.2

mm wide. The laser is aligned such that it only strikes one set of quadrants to maximum

amount of light incident upon the silicon detector surface maximizing the detectors output.

The left/right adjustment was used to shift the detector for making measurements of the

VTD conversion factor, a term that was discussed in more depth in section 6.4. The ability

of shifting the detector left/right was also beneficial as it allowed the detection point to

be moved to different positions along the cantilever. A significant portion of the cantilever

was illuminated by the laser and while the detection point is only a thin section of the beam.

Figure 6.6 shows a simple alignment. From this diagram it can be seen that as the detector

is shifted to one side or the other, the section of the reflected beam that strikes the silicon

gap of the detector will be reflected from a different position along the beam. The detector

is sensitive to the position of the cantilever that reflects the laser beam that strikes the edges

of the silicon gap.
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Figure 6.6: a) Diagram demonstrating the silicon gap between quadrants of the detector
and its correlation to the detection point at x. As the cantilever moves the reflected beam
will shift across the detector. The only portion of the reflected beam that transfers from a
quadrant is the portion at the silicon gap. Any portion of the beam that strikes one quadrant
and does not leave that quadrant due to laser shifting does not affect the output of the
detector. b) Diagram showing the quadrant nature of the detector. Measurements for the
displacement of the cantilever are collected from the left-minus-right output or (A+B)-
(C+D).

6.8 Lock-In Amplifier

The LIA is connected to the difference output of the detector, making it sensitive to

the deflection of the cantilever. The LIA is effective at narrowing the Equivalent Noise

Bandwidth (ENBW) that the measurement is dependent on which allows measurements of

a small frequency range, reducing the uncertainty. The LIA uses a reference frequency

which is provided by either the LIA itself or by some external source. The small frequency

range that the measurement is subject to is centered about the reference frequency and

determined by the ENBW, a concept to be discussed in subsection 6.8.2.

There are several different features of the lock-in amplifier which help to obtain the

lowest SNR possible, albeit with some trade off. To increase the SNR the equivalent noise

bandwidth must be reduced, or signals due to harmonics must be attenuated, which re-
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quires time and extends the duration required for a statistically independent and accurate

measurement.

This section is not an in-depth discussion of the LIA or its features. The discussion

here is limited to a couple of features of the LIA that are pertinent to the data acquisition

process and the primary interest here is the effect they have on the SNR and time required

for measurement. Further discussion about these effects on the potential future MOND

experiment will be discussed in chapter 9. The primary source for this discussion is the

SR830 Lock-In Amplifier manual [1].

6.8.1 Phase Sensitive Detector

A phase sensitive detector is a linear multiplier used to multiply the reference signal

with the input. If the frequency for the reference and signal are ωre f and ωsig respectively,

the mathematical operation occurring is

cos(ωre f )× cos(ωsig +φ) =
1
2
[
cos(ωre f −ωsig−φ)+ cos(ωre f +ωsig +φ)

]
(6.5)

where φ is the phase difference between the reference and input signals. In the case where

ωre f = ωsig the output of the phase sensitive detector will include a DC and an AC voltage.

Over a significantly long enough duration of time all signals will average out to 0 except

for the DC signal. The output of the phase sensitive detector proceeds to the low pass filter

which continues the analysis.

The LIA uses two phase sensitive detectors, one with the reference signal directly and

the other uses the reference signal with a π/4 phase shift. This allows the LIA to determine

the magnitude and phase of the input signal with respect to the reference signal.
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6.8.2 Low Pass Filter

After the phase sensitive detector, the LIA uses a Low Pass Filter (LPF) to reduce the

effects of non-DC signals. The LPF is a series of RC type filters which each have a −6

dB/octave roll off. The time constant, τ, determines the cutoff frequency, ωco=1/τ rad/s,

where the attenuation of the individual RC filters is -3 dB. The LPF can be modelled using

the concept of a brick wall filter. Brick wall filters are described by a Heaviside step function

with a cut off frequency of ωENBW ; that is, there is no attenuation of the signal from DC

to ωENBW and then all other frequencies are perfectly blocked. The ENBW of the LPF is

defined as the cutoff frequency of a brick wall filter that has the same ENBW as the LPF.

Although an actual brick wall filter is not possible and they are used for modelling and

conceptual use only, there are some filters that are designed to work like a brick wall filter

and a combination of filters can be used to produce similar behaviour.

Figure 6.7: Plot showing the response of an arbitrary low pass filter, G(ω). LPF have
minimal attenuation at low frequencies and completely pass DC signals. As the frequency
increases the signal becomes attenuated. At the frequency ωco the filter attenuates the signal
to -3 dB, symbolized by the green dash line.
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Figure 6.7 is a plot of the gain of an arbitrary LPF, G(ω) as specified by Eq. (6.6). This

simple filter allows low frequencies to pass and DC signals to pass completely. As frequen-

cies increase the filter starts to block the signal and at ωco the signal has been attenuated

to -3 dB. The ENBW of a brick wall filter, ωENBW , can be found by integrating |G2(ω)|dω

from ω = 0 to ∞. A common time constant that will be used for experiments is 0.3 seconds

which corresponds to a cutoff frequency of '3.33 rad/s. This relatively short time constant

allows data to be obtained quickly. If the 1st order pole filter were used the resulting ωENBW

would be 5.23 rad/s.

The number of RC filters that are used in the LIA’s LPF is called the filter pole order.

The LIA can use up to four RC filters sequentially which is referred to as a 4th order pole.

The use of multiple RC filters in series increases the roll off of the LPF to −6n dB/octave

and the attenuation at ωco to −3n dB, where n is the number of RC filters, as demonstrated

in Fig. 6.8.

The magnitude of the gain for any given frequency ω across the capacitor of a 1st order

pole filter is:

G(ω) =
1√

1+(ωτ)2

=
1√

1+(ω/ωco)2
.

(6.6)

The LPF is used for its gain response alone. Its effect on the phase of the signal is not

relevant. Any phase change that the LPF may have at this point does not affect the output

of the LIA. The ENBW for the LPF is equal to the integral across all frequencies of the

magnitude of the gain squared. This is solved by using the substitution ω/ωco = tan(x).

For higher order poles the ENBW for any given frequency is the magnitude of the gain of a

1st-order pole filter to the power of 2n, assuming all filters have the same ωco. The generic

integral in this case is
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ENBW =
∫

∞

0
|G(ω)|2ndω

= ωco

∫
π/2

0
cos2n−2(x)dx.

(6.7)

In the case of a 1st-order-pole filter the cos2n−2(x) term equals 1 and the integral is easily

solved to obtain π/2τ. For the higher order poles this integral can be solved by using

∫
cosm(x)dx =

1
m

sin(x)cosm−1(x)+
m−1

m

∫
cosm−2 dx. (6.8)

Since m in this case will always be an even number, all terms will either be dependent on

a sin(x)cosm−1(x) term or will be some factor times
∫

dx which, for these limits, evaluates

to π/2. The sin(x)cosm−1(x) term when evaluated between 0 and π/2 will always be 0.

The result of the integral will be a constant times π/2. This constant can be solved as a

product of terms for a nth order filter pole. As a result, the ENBW for any nth order-pole,

where n > 1, is:

ENBW = ωco
π

2

n−1

∏
r=1

2r−1
2r

=
π

2τ

n−1

∏
r=1

2r−1
2r

.

(6.9)

Increasing the time constant or the filter pole order of the LPF will cause a reduction of

the ENBW, each by their own way. Increasing the time constant lowers the cutoff frequency

for each filter while adding increasing the filter pole order increases the attenuation of

higher frequency signals. These have the effect of reducing the ENBW which reduces

noise and variation of the LIA’s output signal. However, increasing τ and the filter pole

order causes the LPF to respond slower to input changes and as a result a longer duration

of time is required for the LIA to reach 99% of the final value, this is referred to as the wait

time.
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Table 6.2: Equivalent noise bandwidth and required wait time based on the filter pole order
and time constant, τ [s] [1].

Filter Pole Order ENBW [rad/s] Wait Time [s]

1 2π/(4τ) 5τ

2 2π/(8τ) 7τ

3 6π/(32τ) 9τ

4 10π/(64τ) 10τ

The use of higher order poles and longer time constants helps to reduce the ENBW

at the expense of wait times. Short time constants are beneficial in situations where the

experiment can not be run for extended durations of time. There is a penalty to pay beyond

increased uncertainty in measurements for short time constants. Due to ωco being relatively

large, the LIA becomes sensitive to 2nd harmonic noise at higher frequencies. The output

of the phase sensitive detector includes a non-trivial signal at harmonics of the reference

signal. The most troublesome of these signals is that at 2ωre f which can equal or exceed

the magnitude of the desired DC component depending on the phase. If the time constant

is too short the 2ωre f component will not be attenuated significantly, causing it to influence

the final output of the LIA.
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Figure 6.8: Theoretical low pass filter gain for multiple pole orders. The purple line corre-
sponds to -3 dB.

6.8.3 Synchronous Filters

The synchronous filter, sync filter, can be used to solve the issue of harmonic noise.

The sync filter calculates the average of the output of the second RC filter over the period

of the reference signal, this average is updated 128 times over the period and then used as

the input for the third RC filter. This process does not attenuate broadband noise in general,

it only works as a notch filter for the harmonics of the reference frequency. As the sync

filter performs averaging over one period of the reference signal this process adds 2π/ωre f

seconds to the wait time.

6.8.4 Lock-In Amplifier Output Channels

The LIA has multiple different values that it can provide but there are only two pertinent

here, the X and R values. The R output is the magnitude of the signal without dependence

on the phase difference between the source and reference signal. The phase of noise is

random and for pure noise measurements we are only interested in the magnitude, thus noise
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measurements are made from the R output. The X-output of the LIA gives the magnitude of

the signal that is in phase with the reference signal. For the acceleration experiments an AC

signal is used to power a laser to drive the motion of the cantilever. The signal that is used

to power the laser is used as the reference signal and the cantilever’s motion is measured

based on the X-output. This allows the motion of the cantilever, which is expected to be in

phase with the driving force, to be accurately measured while reducing the uncertainty in

the measurement as noise is unlikely to be in phase with the reference signal.

6.9 Conclusion

This chapter has given a brief outline of how the pertinent components of the equipment

operate. The discussion started by providing an understanding of how the equipment was

oriented and will interact with the cantilever to either drive or detect its motion. This dis-

cussion also provides the reasoning behind the decisions of how the equipment would be

setup, either for alignment ease or fidelity of measurement.

The LIA was also considered, with its process broken down to the effect of the indi-

vidual components. The intent was to help the reader understand how the LIA reduces the

bandwidth of measurements to increase the SNR and the concept of the required wait time.

A derivation was provided where possible to establish a theoretical basis for the compo-

nents. The theory also helps to shed light on how noise from harmonic frequencies of the

reference frequency can be introduced if the time constant is too short, the resulting effect

of the harmonic frequencies and the process to remove them.
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Chapter 7

Response Analysis

7.1 Overview

This chapter derives several different results related to the detector and the model de-

scribing the LIA’s output, and also the two calculation processes that are used for the bulk

of the future analysis. The model describing the detector’s output is based predominantly

upon the properties of the laser beam and the detector itself, with little concern for how

the LIA works. The functionality of important components of the LIA was covered in Ch.

6 and is not required here. The final result that is obtained is a simple relation that in-

corporates the ENBW model, the geometry of the equipment and a factor describing the

detector’s response to the shifting of the laser beam between the left and right side.

The analysis sections derive the relations between the cantilever’s motion and the LIA’s

three outputs to obtain the cantilever’s noise, as well as the the relation between the LIA’s

raw output to obtain the cantilever’s acceleration. The cantilever’s noise will be used in

a later chapter to determine which cantilevers produce the least amount of noise. The

acceleration analysis will be used to determine the acceleration of the cantilever as a result

of some driving force. Both of these results will be used to determine which cantilevers and

frequency ranges are the ideal candidates for the potential MOND experiment.

7.2 Detector Output Model

We have a model that describes the motion of the cantilever as a result of thermal energy.

The next step is to develop a model that will describe what the output of the lock-in amplifier
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will be as a result of a laser reflecting off the cantilever. In order to simplify the problem the

system will be considered in two dimensions, the property of height will not be included.

With the exception of the laser, the entire system has symmetry from top to bottom. The

detector is outputting a left minus right difference and the response will be the same across

its height, as a result only the motion of the cantilever along its length is considered and

any torsion of the cantilever is wholly ignored. The incident laser for this experiment has a

2D-Gaussian profile. However, it will be assumed that the variance across the cantilever’s

height is small such that the profile can be considered constant across the cantilever’s height

and only varying along its length.

Figure 7.1: A schematic diagram showing the geometry and the various coordinate systems
being employed. The u-coordinate system describes the incident beam, the x-coordinate
system describes the cantilever and finally the u′-coordinate system describes the detector
surface. θ0 is the angle between the norm of the cantilever and the incident beam or the
norm of the detector. φ is equal to the angle of deflection caused by the motion of the
cantilever bending from center.

As can be seen in figure 7.1 there are three different coordinate systems in use. The

x-coordinate system is used to describe the position along the cantilever with x = 0 defined

as the point where the cantilever starts at the main body and x0 is the point where a ray
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from u = 0 will strike. This is referred to as the detection point and it is this point that

the detector is sensitive to. The u-coordinate system is used to describe the incident laser

profile before striking the cantilever and u = 0 is located in the center of the laser beam.

Finally, the u′-coordinate system describes the position across the detector where u′ = 0 is

located at the dividing line separating the left and right quadrants of the cantilever. The

angle from the normal of the x-coordinate system to the normal of the u- or u′-coordinate

systems is defined to be θ0. The u′-coordinate system is defined in such a manner that if

the cantilever were a flat, stationary mirror then any ray that is emitted from the laser at

the position u would strike the detector at u′ = u. The real cantilever will have motion that

causes an incident ray emitted at u to be reflected to the position u′+du′ on the detector.

The relation between the x- and u-coordinate systems and the resulting differential re-

lation are

x = x0 +
u

cos(θ0)
(7.1)

and

dx =
du

cos(θ0)
. (7.2)

The incident laser beam is described by the optical power profile function Pinc(u). As

a practical example this model will be developed using a laser with a Gaussian profile,

specifically

Pinc(u) = P0Gbeam(u) (7.3)

where

Gbeam(u) =
1√

2πσ2
beam

exp
(
−u2

2σ2
beam

)
(7.4)
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and σbeam describes the standard deviation of the laser profile across u.

The laser profile that strikes the detector itself is Pdet(u′) and in the special case where

the cantilever is a flat, stationary mirror we expect Pdet(u′)du′ = Pinc(u′)du′, where u = u′,

as a result of how the three coordinate systems are defined.

The position of the cantilever as a function of time is given by Eq. (3.95),

w(x, t) =
∞

∑
n=1

hn(t)φn(x) (7.5)

where φ is defined by Eq. (2.42) for the cantilever or Eq. (2.55) for the bridge beam and

hn(t) is the inverse Fourier transform of F̂n(ω)αn(ω). The ensemble average of h2
n(t) can

be found using the Plancherel theorem [73] and was determined in a previous section, Eq.

(3.114), these two results are

〈h2
n(t)〉=

1
2π

∞∫
−∞

| F̂(ω) |2s | αn(ω) |2 dω =
3kBT
kC4

n
. (7.6)

While hn(t) follows the Gaussian probability distribution:

P(hn(t)) =
1√

2πσ2
f ull, n

exp

(
−h2

n(t)
2σ2

f ull, n

)
, (7.7)

where

σ
2
f ull, n =

3kBT
kC4

n
= 〈h2

n(t)〉, (7.8)

kB is Boltzmann’s constant, T is the cantilever’s temperature in Kelvin, and k is the spring

constant for the cantilever.

The value that the lock-in amplifier returns is not the result across all frequencies. The

lock-in amplifier is only sensitive to a narrow bandwidth of frequencies. Let us assume that

a brick-wall filter is used which allows the frequencies from ω′ to ω′+∆ω′ with bandwidth

∆ω′. The probability of the value hn(t) can be determined using Eq. (7.7) where σ2
f ull, n is
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replaced by

σ
2
cant,n =

1
2π

ω′+∆ω′∫
ω′

| F̂(ω) |2s | αn(ω) |2 dω

' 〈h2
n(t)〉∆ω

′ =
3kBT
kC4

n
∆ω
′.

(7.9)

Next we need to introduce the motion of the cantilever. The position of the cantilever is

described by w(x, t) and the slope of the cantilever is

q(x, t) =
∂w(x, t)

∂x
. (7.10)

The actual displacement and angle of the cantilever is very small and as a result we can

employ the small angle approximation. A ray which is emitted from the point u will strike

the detector at

u′(t) = u+2R
∂w(x, t)

∂x

∣∣∣∣
x=x0+u/cos(θ0)

= u+2Rq(x, t)
∣∣∣∣
x=x0+u/cos(θ0)

.

(7.11)

Likewise, a ray starting out at u+du will then strike the detector at

u′(t)+du′ = u+du+2Rq(x, t)
∣∣∣∣
x=x0+(u+du)/cos(θ0)

. (7.12)

The relation between du and du′ can be found by subtracting equation (7.11) from (7.12)

to obtain

du′ = du+du
2R

cos(θ0)

∂q(x, t)
∂x

∣∣∣∣
x=x0+u/cos(θ0)

. (7.13)

Since the total deflection of the beam is very small it can be said that

du′ ≈ du. (7.14)
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A ray that is emitted at some time t and position u will, as a result of the cantilever’s

motion, strike the detector at

u′(t) = u(t)+2R
∞

∑
n=1

hn(t)
∂φn(x)

∂x

∣∣∣∣
x=x0+u/cos(θ0)

. (7.15)

This is the point where the detector and its response starts to become of fundamental

importance. There are two constants that are required to describe this response. For the

first constant lets consider the sum output on the detector. If there is an incident beam on

the detector with some constant power then the sum output will output a constant voltage.

The relation between the incident power and the sum output is linear in nature and related

by the factor Cpv, that is

V0 =CpvP0. (7.16)

This constant can be determined through the use of semi-conductor physics and an under-

standing of the circuitry of the detector itself. However, for simplicity this constant factor

can be determined experimentally by aiming a laser at the detector and recording the sum

output voltage as the laser power changes.

The second factor is related to the first but it deals with the difference output instead.

As a laser with constant power shifts from the one side of the detector to the other the left-

minus-right output, also referred to as the difference output, will also change in voltage.

For short distances, ∼ 0.25mm either way from center for the laser used in this experiment,

the relation between the distance traversed to change in voltage is approximately linear, as

shown in section 8.3, and proportional to the constant Cuv.

Using the first factor we can determine the output of the detector by the use of

Vdi f f =Cpv

 0∫
−∞

Pdet(u′)du′−
∞∫

0

Pdet(u′)du′

 . (7.17)

The detector does not follow what individual rays across its width are doing. Instead it

125



7.2. DETECTOR OUTPUT MODEL

gives a value based on what is happening at u′ = 0, the boundary between the two sides.

That is to say, the output of the detector is not based on −∞ to ∞ but some narrow 2∆u′

centred at u′ = 0. ∆u′ is the distance the laser can shift due to the cantilever’s deflection

from center and it is a function of time since the cantilever’s position changes with time. If

∆u′(t)� σbeam then this can be restated as

Vdi f f (t)'Cpv2∆u′(t)Pdet(0)

= 4RCpvP0Gbeam(0)
∞

∑
n=1

hn(t)
∂φn(x)

∂x

∣∣∣∣
x=x0

.
(7.18)

From equation 7.18 it can be seen that the dependence of Vdi f f on hn(t) is linear and as

a result since 〈hn(t)〉= 0 then 〈Vdi f f ,n(x, t)〉= 0. The LIA measures the Root Mean Square

(RMS) value of a signal over time, and since 〈h2
n(t)〉 6= 0, then 〈Vdi f f ,n(x, t)〉 6= 0 as well.

For a signal across the bandwidth ω′ to ω′+∆ω′, the expectation voltage squared is

〈V 2
di f f ,n〉=

(
4RCpvP0Gbeam(0)

∂φn(x)
∂x

)2

〈h2
n(t)〉∆ω′ (7.19)

where

〈h2
n(t)〉∆ω = σ

2
cant =

3kBT
kC4

n
∆ω
′. (7.20)

In order to obtain the output value of the lock-in amplifier across all modes a sum must

be taken across n, mathematically

〈V 2
di f f 〉=

∞

∑
n=1
〈V 2

di f f ,n〉

=
∞

∑
n=1

[
4RCpvP0Gbeam(0)

∂φn(x)
∂x

∣∣∣∣
x0

]2
3kBT
kC4

n
∆ω
′.

(7.21)

The beam of the laser is shifted across the detector as a result of the angle of the beam

and not due to its deflection, see Fig. 7.2. As a result the detector is sensitive to the angle

of the beam and from Eq. (3.116) the derivative of the PSD of the beam at x = x0 is
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J∂w
∂x
(x0|ω) =

3πkbT
k

∞

∑
n=1

|αn(ω)|2

C4
n
∫

∞

0 |αn(ω′)|2dω′

(
∂φn

∂x

)2

. (7.22)

To obtain the RMS voltage that the lock-in amplifier will return all that is required is to

substitute eq. 7.22 into 7.21 and take the square root of this result

(Vdi f f )rms =
2V0

π

R
σbeam

√
J∂w

∂x
(x0|ω)∆ω′. (7.23)

If we continue with the previous result, it can be stated that

(
Vdi f f

)
rms =

V0

πσbeam
∆u′
√

J∂w
∂x
(x0|ω)∆ω′

≡Cuv∆u′
√

J∂w
∂x
(x0|ω)∆ω′

(7.24)

where

Cuv ≡
V0

πσbeam
. (7.25)

The final result for the RMS voltage is

(
Vdi f f

)
rms = 2RCuv

√
J∂w

∂x
(x0|ω)∆ω′. (7.26)

7.3 Noise Calculation

Noise is generally reported in terms of its NASD, and often has the units of V/
√

Hz [48]

or V/
√

rad/s. An alternative way to represent noise is as a noise spectral density, NSD,

which is simply the NASD squared and thus has units of V 2/(rad/s). The unit is related

to the quantity of interest and Eq. (3.115), which describes the frequency response of the

square of the magnitude of the displacement of the cantilever, has units of m2/(rad/s).

The definition of a Fourier transform was provided in Eq. (3.59),
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X̂(ω) =
∫

∞

−∞

x(t)e−iωtdt. (7.27)

As a result of this definition, the inverse Fourier transform is

x(t) =
1

2π

∫
∞

−∞

X̂(ω)eiωtdω. (7.28)

As was determined in the previous section, the LIA is sensitive to the slope of the

cantilever and not the displacement, see Eq. (7.13). Let there be a function which represents

the slope of the beam as a function of time, y′(x, t). If a measurement of the slope of the

beam is taken over a duration of time from −T to T then the time average of the slope of

the beam over this duration of time is

{y′(x, t)} ≡ 1
2T

∫ T

−T
y′(x, t)dt. (7.29)

The limits of this integration can be extended to ∞ if a new function, y′T (x, t), is defined

that is identical to y′(x, t) in the region of −T to T and 0 elsewhere. Let the inverse Fourier

transform of y′T (x, t) be Ŷ (x|ω).

The correlation between some ergodic function and itself at a later time is

K(s) = 〈x(0)x(s)〉= {x(0)x(s)}

=
1

2T

∫ T

−T
x(t)x(s+ t)dt

(7.30)

where 〈〉 denotes an ensemble average. The correlation function for y′T (x, t) is

K(s) =
1

2T

∫ T

−T
y′T (x, t)y

′
T (x,s+ t)dt

=
1

2T

∫
∞

−∞

y′T (x, t)y
′
T (x,s+ t)dt.

(7.31)

Using the definition of an inverse Fourier transform this can be rewritten as
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K(s) =
1

8π2T

∫
∞

−∞

∫
∞

−∞

Ŷ ′(x|ω1)eiω1tdω1

∫
∞

−∞

Ŷ ′(x|ω2)eiω2(s+t)dω2dt

=
1

8π2T

∫
∞

−∞

Ŷ ′(x|ω1)dω1

∫
∞

−∞

Ŷ ′(x|ω2)eiω2sdω2

∫
∞

−∞

ei(ω1+ω2)tdt.
(7.32)

It should be noted at this point that the output of the LIA is proportional to

F̂(x|ω1) =
1

4πT

∫
∞

−∞

Ŷ ′(x|ω1)dω

∫
∞

−∞

ei(ω1+ω2)tdt (7.33)

where 1
2T is the ENBW, ∆ωenbw. Specifically, the LIA has three different outputs, X∝

Real(F̂(x|ω)), Y∝ Imag(F̂(x|ω)) and R∝ |F̂(x|ω)|. Let us assume that the duration of the

measurement is sufficiently large that it can be considered infinite, that is 2T � ω1. If this

is true then

∫
∞

−∞

ei(ω1+ω2)tdt = 2πδ(ω1 +ω2). (7.34)

This integral result can be used to rewrite F̂(x|ω) as

F̂(x|ω) = ∆ωenbwŶ ′(x|ω). (7.35)

Ŷ (x|ω) is a real and symmetrical function, thus Ŷ (x|ω) = Ŵ (x|−ω). Using this relation

and ∆ωenbw, Eq. (7.32) becomes

K(s) =
∆ωenbw

2π

∫
∞

−∞

|Ŷ ′(x|ω1)|2eiω1sdω1. (7.36)

The correlation function, like any other function of time, can be expressed as an in-

verse Fourier transform. For the special case of the correlation function the inverse Fourier

transfer function is a power spectral density,

K(x|s) = 1
2π

∫
∞

−∞

Ĵdi f f (x|ω)eiωsdω. (7.37)
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From a comparison of Eqs. (7.36) and (7.37), it can be seen that the power spectral density

of the cantilever is

Ĵdi f f (x|ω) = ∆ωenbw|Ŷ ′(x|ω)|2. (7.38)

This can be expressed in terms of the LIA’s output using Eq. (7.35) as

Ĵdi f f (x|ω) =
|F̂(x|ω)|2

∆ωenbw
. (7.39)

This result shows that the NSD of the measured noise of the cantilever is the output of the

LIA squared and divided by the ENBW at the time of measurement.

The output of the LIA is a voltage measurement, Vdi f f , which is measured for some

point x on the cantilever and some frequency ω. To obtain the NSD, Vdi f f is squared and

divided by the ENBW,

Ĵdi f f (x|ω) =
V 2

di f f (x|ω)
∆ωENBW

. (7.40)

The output of the LIA, Vdi f f , is equal to the RMS output of the detector, (Vdi f f )rms,

which was calculated in Eq. (7.26). This result can be squared and substituted into Eq.

(7.40) to obtain

Ĵdi f f (x|ω) = 4R2C2
uvĴslope(x|ω) (7.41)

where ∆ωENBW = ∆ω′ and x = x0. In the ideal case where the only source of noise is due to

the thermal motion of the cantilever, it would be found that Ĵslope(x|ω) is equal to J∂w
∂x
(x|ω),

Eq. (3.116). This result can now be solved to obtain the NSD of the slope of the beam,

Ĵslope(x|ω) =
Ĵdi f f (x|ω)

4R2C2
uv

. (7.42)

This result is the experimentally determined value for the NSD of the slope of all the mea-
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sured noise while its theoretical counter part, Eq. (3.116), is for the noise of the beam

alone. The RMS of the noise amplitude spectrum of the slope of the beam,
(

∂W (x|ω)
∂x

)
rms

is

calculated using

(
∂W (x|ω)

∂x

)
rms

=
√

Ĵslope(x|ω)∆ω (7.43)

7.4 Acceleration Calculation

A quantity of particular interest is the acceleration of the cantilever as well as the ac-

celeration noise from the equipment. The calculation process for the cantilever accelera-

tion and the acceleration noise is the same but they start with difference values and units.

The cantilever acceleration starts with the raw voltage measurement that is recorded by

the LIA, having units of V, while the acceleration noise is calculated based on the NASD,

V/
√

rad/s. The units used to outline the following process are for acceleration noise; how-

ever, the units for cantilever acceleration are the same with the 1/
√

rad/s being absent.

The displacement of the cantilever is calculated based on the slope measurements and

the function ζ(x) from section 4.3. The EBBE model can be use to show that the dominant

mode at low frequencies is the first mode, thus the noise will be calculated as if it is the

only mode present.

Figure 7.2 shows the physical layout and the variables used. The process to calculate

the acceleration NASD,
√

Ĵacc(x|ω), is:

1. divide the NASD by the voltage-to-displacement conversion factor, Cuv, giving the

distance the laser has shifted across the detector, s,

s =

√
Ĵdi f f (x0|ω)

Cuv
;

2. using the small angle approximation the laser’s displacement is divided by the dis-

tance between the cantilever and detector, R, to obtain the laser’s angle shift, β,
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β =
s
R

;

3. the cantilever’s angular deflection is half of that of the laser thus the previous angle

is divided by two, θ,

θ =
β

2
;

4. the displacement of the beam, w, is calculated by multiplying the angular deflection

of the beam by the conversion factor l/ζ(x0), Eq. (4.20),

w =
θl

ζ(x)
;

5. finally, the acceleration of the cantilever is related to its displacement by the fre-

quency of its oscillations squared. Combining the previous results, the NASD of the

acceleration is

√
Ĵacc(x|ω) =

lω2

ζ(x)

√
Ĵdi f f (x0|ω)

2CuvR
. (7.44)

The RMS acceleration of the beam, arms, can be calculated by substituting Eqs. (7.41)

and (7.42) into Eq. (7.44) to obtain

arms =
lω2

ζ(x)

(
∂W (x|ω)

∂x

)
rms

. (7.45)
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Figure 7.2: Diagram showing single light ray response to cantilever motion.

7.5 Conclusion

In Ch. 6 the equipment setup was covered along with some theory detailing how some

individual components of the LIA work. This chapter was dedicated to the derivation of a

model that describes the output of the LIA based on the displacement of a laser beam across

the detector. This derivation is heavily dependent upon the process of how the detector

works and not the LIA.

Unlike the derivation of the EBBE model, the profile of the laser was treated using its

actual profile, Gaussian, as opposed to being uniform across the length of the beam. It

was possible to make this assumption for the EBBE model as the beam diameter could be

enlarged to such a degree that the beam distribution across the cantilever would become

nearly continuous. In this case, however, this is not possible as the cantilever is located as

close to the focal point of the laser as possible and thus the laser’s intensity does vary across

the length of the beam.
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Later sections dealt with issues relating the LIA’s three outputs, X, Y and R, to the

cantilever’s noise and the process of calculating the NASD of the cantilever from the LIA’s

output. This can be computed theoretically and incorporates the ENBW of the LIA but does

not concern itself with any of the LIA’s processes required to obtain that ENBW.

The final section of the chapter outlines the process to obtain the cantilever’s accelera-

tion and acceleration noise. The process uses geometry to obtain the desired result. This

process can be used to determine both the acceleration noise of the cantilever, based on

experiments measuring the cantilever’s NASD, or the cantilever’s acceleration, based on

experiments where the cantilever is driven.
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Chapter 8

Experimental Results

8.1 Overview

There were primarily two different sets of experiments that were performed with the

various cantilevers. The first set of experiments were intended to determine the NASD of

the system as a whole, including the cantilever, over a large frequency range. This helps to

determine the best frequency to use for the acceleration experiments and verify the EBBE

of the model. The second set of experiments were to determine the cantilever’s response to

a driving force and is specifically interested in the cantilever’s acceleration.

This chapter will also explain the process used to obtain two important factors. The

voltage-to-displacement conversion factor is a factor relating the measured voltage to the

displacement of the beam across the detector. While this factor could be determined the-

oretically using semi-conductor physics, it is simpler to obtain it by an experiment. The

second factor is for the RMS width of the laser’s profile. The voltage-to-displacement fac-

tor is used to calculate the acceleration of the cantilever while the RMS width of the beam

is required for the detector output model.

During the alignment process the laser and detector are aligned such that the detection

point, the position of the cantilever that the detector is sensitive to, is as close as possible to

the free end of the beam. Experimental data was collected for four different detection points

along a cantilever’s length, with particular interest given to the first harmonic peak. These

results will be explained with the help of the theoretical model and mode shape. Using the

results from the cantilever it will be possible to determine if the bridge beam could be a
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candidate for MOND experiment.

The experimental PSD of the cantilever will be used to obtain the limits of a measure-

ment. Specifically, these results will be used to determine the expected uncertainty of a

measurement of the acceleration of the cantilever. This will be used to asses the amount of

uncertainty that will accompany the low acceleration levels required for the MOND exper-

iment. These results can then be used to ascertain the best equipment settings and driving

frequency.

8.2 Harmonic Noise

The noise of a 50 ohm resistor was measured using a time constant of 30 ms, Fig. 8.1,

and 1 s, Fig. 8.2, for all four possible filter pole orders. The noise was also measured using

a time constant of 10 s and a 4th order pole filter to use as a reference for the expected

noise at low frequencies. The noise was also measured using time constants of 10 ms and

30 ms. For both the 10 ms and 30 ms data sets it was found that the noise would reach

a constant value for very high frequencies but as the reference frequency decreased the

measured noise would suddenly increase. The LIA uses a reference frequency of ωre f and

the increase of the noise is the result of inadequate attenuation of the noise at harmonics of

ωre f . The frequency where the harmonic noise becomes significant is dependent on both

the time constant and the filter pole order. Based on a comparison of these two plots and

Fig. 6.8, it is clear that the harmonic signal is much louder than the desired result.

One method to minimize the harmonic noise is to reduce the ENBW of the measure-

ment. This can be accomplished by increasing the time constant, reducing the cut off fre-

quency, or increasing the filter pole order, increasing the roll off. Both of these methods

can have have the disadvantage of increasing the required wait time for a measurement to

be obtained. In order for measurements to be obtained at frequencies as low as 25 rads−1,

a 1 second time constant and fourth order pole are necessary, requiring a wait time of 10 s.

This is an issue when measurements must be obtained quickly.

136



8.2. HARMONIC NOISE

Figure 8.1: Noise Measurements of a 50 ohm resistor for different filter pole orders and
using a time constant of 30 ms. Noise measurements were obtained using a 10 s time
constant has been included to show what is the expected noise at frequencies below 1 krad/s.

Figure 8.2: Noise Measurements of a 50 ohm resistor for different filter pole orders and
using a time constant of 1 s. Noise measurements were obtained using a 10 s time constant
has been included to show what is the expected noise at frequencies below 1 krad/s.
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An alternative method to reduce harmonic noise is to use the sync filter feature of the

LIA. This uses digital processing to average the signal 128 times over the period of the

reference frequency, adding 2π/ωre f seconds to the wait time. This does not eliminate

noise in general but does act as a notch filter for harmonics of ωre f . This allows short time

constants and low filter pole orders to be used without issues of harmonic noise.

Figure 8.3 demonstrates the improvements provided by the sync filter. A 50 ohm resistor

was used as the source of the noise as it was known to provide less noise than all other

pieces of equipment. Data was collected for a large range of frequencies, from 6 rad/s to

600 krad/s, using a time constant of 30 ms, 4th order pole filter and the sync filter off. At

500 rad/s there is a sudden increase in the measured noise due to the second harmonic. The

experiment was repeated with the sync filter turned on over the low frequencies where the

harmonic noise was an issue. These results found the measured noise level for the short 30

ms time constant were consistent with results using a 3 s time constant which was found to

be reliable at low frequencies.

Figure 8.3: Comparison of the measured noise of a 50 ohm resistor with the synchronous
filter on, green, or off, blue, with time constant of 30 ms and a 4th order pole. Measurements
were made from 1 to 1000 rad/s with a time constant of 3 second and 4th order pole, red, to
determine the expected noise at lower frequencies.
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The sync filter also increases the wait time for a measurement; however, in some cases

the increase of time is less than that of changing the time constant and filter pole order.

The time required to make a measurement at 25 rads−1 using a 30 ms time constant, fourth

order pole and the sync filter is 0.55 seconds. Of the 0.55 seconds, the sync filter requires

0.25 seconds for it to average over a full cycle.

For all of the results shown below, the sync filter was utilized. This allowed a time

constant of 300 ms to be used across the entire frequency range of the experiment. This

helped to reduce the total amount of time that was required to acquire data.

8.3 Detector Model Factors

The VTD factor determines the ratio of the detector voltage, from the difference output,

to the displacement shift of the laser across the detector. This factor is used to determine

the displacement of the cantilever based on the detector’s output and is defined as Cuv in Eq.

(7.25). It is determined experimentally by reflecting the detection laser off the cantilever

and onto the detector. The detector is positioned such that the laser is primarily striking

one side of the detector and the output of the detector’s difference output is recorded. The

detector is moved in 50 µm increments such that the red dot for the laser progresses to the

other side of the detector. Measurements are made from the difference output after each

step, for a total distance of 4 mm. The final results are then analyzed to find a small region,

about 200 µm, that is reflected from near the free end of the cantilever and has a constant

slope. This region is fit with a linear function to determine the VTD factor which has units

of V/mm. An example of these results for the 500 µm cantilever are shown in Fig. 8.4.

The beam has a near-Gaussian profile. We expect the results from the difference output,

which outputs the integral of the left side minus the integral of the right, to resemble the

error function. This is confirmed by Fig. 8.4. Fitting the data with the Error function

provides a value for the RMS width of the beam, σbeam, a term introduced in the detector

model in Eq. (7.4).
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Figure 8.4: Experimental results for determining voltage to displacement factor for a can-
tilever and the RMS width of the laser’s profile.

The detection point shifts toward the free end as the detector approaches 12 mm. For

this example the region that was selected was from 10.75 mm to 10.95 mm, see Fig. 8.5,

and the VTD factor was found to be (6.21±0.07) V/mm. The detector was then set to 10.85

mm for the experiments that followed.
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Figure 8.5: A selected portion of the voltage to displacement factor data (dots) and the
resulting linear fit (line).

8.4 Driving Laser Calibration

The power output of the driving laser was measured using a power meter. The voltage

that was used to power the laser started at 0 V and was progressively turned up to 5 V

in 0.025 V increments. The results were then plotted to determine the minimum voltage

required for the laser to turn on and obtain a range where a change of voltage caused a

linear increase of the power output. The results of this experiment are presented in Fig. 8.6.
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Figure 8.6: Driving laser output response to power supply voltage. Calibration of the driv-
ing laser was performed by measuring the laser’s power output, blue dots, over a range of
voltages. The marked off region, two black bars, indicate the region where the laser has a
linear response to the supply voltage. The red line is a linear fit to this region.

The driving laser was found to turn on at a voltage of∼ 2.95 V and has a linear response

range from 3 V to 4.5 V. The linear response range was determined by fitting the data with

a linear function, using the least squared method, and clipping off data points until a linear

region was identified. From these results it was determined that a DC voltage of 3.75

V should be used to ensure that the laser remained in the linear response range while a

maximum of 1.5 Vpp variation could be used for the AC component.
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8.5 Common Mode Noise and Photon Shot Noise

Figure 8.7: Effective NASD of the slope for the detection laser aimed directly at the detec-
tor. Detection laser noise centered (blue) is where the difference output reads 0 volts and
0.25 mm (orange) is the average of the noise when the laser is shifted 0.25 mm either left
or right of centered. The same is true for the 0.50 mm (green), 0.75 mm (red) and, 1.00 mm
(purple) results. The black line indicates the expected shot noise of the laser.

Figure 8.7 shows the effects of shifting the laser to cause uneven light distribution across

the detector. First the laser was positioned such that the difference output was ∼ 0 volts,

meaning there was an even distribution of light across the detector. The noise was then

measured for a small number of frequencies using the difference output. The experiment

was then repeated with the laser shifted some distance to the left and then to the right. The

results from these two experiments were averaged to determine the expected noise if the

laser were shifted that distance off center. The noise was found to increase as the laser was

shifted further from center. It is thought that this is the result of common mode noise as

discussed in Sec. 6.4.

The process of centering the beam allows for noise that is common across the laser

and not fundamental to be reduced, until only fundamental noise remains which cannot be
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removed. Lasers produce shot noise which is caused by statistical fluctuations of photons

as a result of the discrete nature of light. The PSD of optical shot noise is

S(ω) =
hνP

π
(8.1)

where h is Planck’s constant, ν is the frequency of the light and P is the average power

of the laser [74]. From this equation it can be seen that the PSD of optical shot noise is

independent of the measurement frequency. The theoretical shot noise was converted to an

expected detector voltage by taking the square root of the shot noise and then multiplying

by a volts/watt conversion factor. This noise has been plotted in Fig. 8.7 as the horizontal

black line.

It is not always possible to position the detector such that the laser is centered. To

obtain the largest signal for the experiments to measure cantilever noise and acceleration,

the detection point of the cantilever must be near the free end. While the cantilever is placed

as close as possible to the laser’s focal point, about 200 µm of the cantilever’s body reflects

laser light at the detector. The detector is moved such that the detection point is as close

to the free end as possible causing the a majority of the light reflected off the cantilever’s

body to strike one side of the detector and reducing the cancellation of noise.

8.6 Cantilever Dimension Estimates

In section 5.5 it was proposed that the DHO model could be used to determine the thick-

ness of the cantilever. It was found in Sec. 6.3.2 that the resonance peak location was most

significantly impacted by variations of the thickness of the cantilever. The approximate

thickness of the cantilever can be calculated using Eq. (5.24). Manufacturer ideal values

can be used to evaluate Eq. (5.24), using the guaranteed range to calculate the expected

variation.
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Figure 8.8: Fit of the DHO model to experimental data collected for the 500 µm can-
tilever. The values required to calculated the thickness of the cantilever are the resonant
frequency, ω f , and the quality factor, Q. Fit results for Q and ω f were 22.09±0.06 and
(23894.843±0.0007) rads−1 respectively.
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Figure 8.9: Fit of the DHO model to experimental data collected for the 225 µm can-
tilever. The values required to calculated the thickness of the cantilever are the resonant
frequency, ω f , and the quality factor, Q. Fit results for Q and ω f were 180.0±0.4 and
(341999.0±0.0.1) rads−1 respectively.

Let us assume that the cantilever is made out of pure silicon, which has a density of

2330 kg/m3. The fluid that the cantilever is submerged in is air which has a density of

1.225 kg/m3. Substituting the appropriate values from Table 5.1 and the results of Fig. 8.8

into Eq. (5.24) the thickness of the 500 µm cantilever is (1.4±0.1) µm. This process can be

repeated using the results of Fig. 8.9 to calculate the thickness of (3.3±1.1) µm for the 225

µm cantilever.

The cantilevers have a reflective coating added to one side. The coating is intended to be

35 nm thick and is applied using evaporation. Gold is 8 times more dense than silicon and

the coating is very thin. It is possible that the coating will be a slightly different thickness

than intended which could cause a significant change of the cantilever’s density.

For the purposes of these calculations it will be assumed that the thickness of the coat-

ing, hcoating, is 35 nm as stated by the manufacturer since the thickness of the coating on

the real cantilevers cannot be determined on a cantilever to cantilever basis. The densities
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of gold and PtIr5 are 19,300 kg/m3 and 21,500 kg/m3 respectively. The values for the

thickness of the cantilevers are obtained by fitting the cantilever’s NASD noise data with

the EBBE model. The fit was performed by eye, using calculated values for the density

of the cantilever, leaving the width and length constant at their ideal values, see Table 6.1,

while varying the thickness of the cantilever until the model fit the data at the peaks. From

these results it was determined that the thickness of the cantilevers, hSi, was (0.87±0.01)

µm for the 500 µm cantilever and (2.25±0.01) µm for the 225 µm cantilever. Substituting

these values into Eq. (6.1), the calculated values for the densities of the cantilevers are

(2,986±7) kg/m3 for the 500 µm and (2,624±2) kg/m3 for the 225 µ cantilever. The 500

µm cantilever is over 2.5 times thinner than the 225 µm cantilever causing the added mass

due to the coating to have a larger effect on the density of the cantilever. As an example,

the density of the 500 µm cantilever is calculated by

ρ =
ρSihSi +ρAuhAu

hSi +hAu

= 2,986 kg/m3.

(8.2)

Using the results of Fig. 8.8 and Fig. 8.9, the thickness of the 225 µm and 500 µ can-

tilevers, respectively, can be calculated. The calculated thickness of the 225 µm cantilever

is (2.8±1.0) µm and the 500 µm cantilever is (1.1±0.1) µm.

The results for the cantilever’s thickness as calculated from the DHO fit are outlined

in Table 8.1. The thickness was calculated for the realistic case where the cantilever has

a coating and also the simpler case of no coating. A comparison of the cases with and

without a coating demonstrate the importance of accounting for the coating as the error in

the thickness of the beam is about half of that when the coating is ignored.

The calculated thickness of the cantilever is significantly different than the value used

for the EBBE model when fitted to the same data as that used for the DHO fit. As a result,

the values that are obtained through this method are not reliable and should be used as

starting values for a fit of the EBBE model itself.
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Table 8.1: Calculated values for the 225 µm and 500 µm cantilevers based on DHO fits.
The thickness of the 225 µm and 500 µm cantilevers were calculated using the values of the
quality factor and resonant frequency from the DHO fit of the first resonant peak for each
cantilever. The columns indicating with or without a coating allow the thickness of each
cantilever to be calculated with the added mass of the coating. The EBBE thickness is the
required thickness for the EBBE model to fit the data that was used for the DHO fit.

With Coating Without Coating

225 µm

Cantilever

EBBE Thickness

[µm]
2.27±0.02 2.14±0.02

DHO Calculated

Thickness [µm]
2.8±1.0 3.3±1.1

% Difference 23% 54%

500 µm

Cantilever

EBBE Thickness

[µm]
0.87±0.03 0.79±0.03

DHO Calculated

Thickness [µm]
1.1±0.1 1.41±0.1

% Difference 23% 79%

8.7 Fluid Effects

The 500 µm cantilever that was used for these results and all that follow is a different

one than that used for the results of sections 8.4 and 8.6. A change of cantilevers was

necessary as the first cantilever broke. The results for the first cantilever were used for the

DHO fit as the peak was found to be very well defined and good results were obtained from

using that data set.

The experiments to measure the noise of these cantilevers were completed with the

cantilevers in the air of the laboratory. The air that surrounds the cantilevers is expected

to have an effect on the cantilever’s motion and its NASD. Re and T will be calculated for
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both the 225 µm and 500 µm cantilevers while Q was determined in the previous section

and these results will be compared with the figures of section 5.6 which discusses the theory

for fluid effects.

Re and T can be obtained using Eq. (5.25). T is dependent upon the density of the

cantilever, ρcant , which must be calculated using Eq. (6.1) to account for the thickness of

the coating. An example of the calculation for the density of a cantilever with a coating

was given in Section 8.6. The quality factor of a cantilever can be obtained by fitting the

DHO model to the cantilever’s first resonance peak. This fit was performed in the previous

section with a quality factor of 22.0 for the 500 µm cantilever, Fig. 8.8, and 180.0 for the

225 µm cantilever, Fig. 8.9.

Table 8.2: Summary of the properties of the 225 µm and 500 µm cantilevers. The values for
for Q and ω f were obtained from the DHO fits from Figures 8.9 and 8.8. ρcant is calculated
using Eq. (6.1) and values provided in this section. Calculated values for Re and T , Eq.
(5.25), for the 225 µm and 500 µm cantilevers. The values of these parameters determine
how the motion of the beam will be affected by the fluid the beam is submerged in.

Q
ω f

rad/s

ρcant

kg/m3
Re T

225 µm

cantilever
180.0±0.4 341999.0±0.1 2,580±10 4.6±0.6 0.006±0.001

500 µm

cantilever
22.09±0.06 23894.843±0.001 2,902±9 4.25±0.04 0.049±0.002

T is related to the added mass that is dragged along with the cantilever as it vibrates.

The 500 µm cantilever has a much larger value for T , 0.049, 225 µm cantilever, 0.0059.

This is largely the result of the 500 µm cantilever being over twice as long, increasing its

surface area, and having a thickness of nearly 2.6 times thinner than the 225 µm cantilever.

From Eq. (3.90) it can be seen that the spring constant of a cantilever beam is inversely

proportional to the length of the beam cubed. The 500 µm cantilever has a vary small
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spring constant compared to the 225 µm cantilever, allowing the 500 µm cantilever to have

a larger displacement from an applied force causing it to pull the fluid a greater distance

and increasing the effects due to the fluid.

Figures 5.3 and 5.6 to 5.7 were generated using T values of 0.0059 and 0.049 as these

correspond to the 225 µm and 500 µm cantilevers, respectively. Using the corresponding

Re values from Table 8.2 the theoretical effects of the fluid on the cantilever’s fundamental

resonance peak can be found in Fig. 5.3. The resonant frequency of the cantilever in a

vacuum is unknown, however, values for the quality factor are known from the analysis

of the previous section. The fluid effects theory using the appropriate Re values for each

cantilever predicts a quality factor of 141 for the 225 µm and 17 for the 500 µm cantilever

compared with the DHO model results of 180 and 22.0 respectively. This corresponds to

an error of 28% for the 225 µm cantilever and 29% for the 500 µm cantilever.

Figure 5.5 is a plot demonstrating the effects of varying Re on the quality factor while

maintaining a constant T value. Both the 225 µm and 500 µm cantilevers have a very similar

Re. The two cantilevers have a large difference in their T values causing the fluid to have

a significantly larger affect on the 500 µm cantilever’s quality factor. The reduced quality

factor will have caused the amplitude of the fundamental resonance peak to have been

decreased, as shown in Fig. 5.7, causing energy to be redistributed to lower frequencies.

8.8 Effects of Varying the Detection Point

Cantilever Beam

The method used to determine the displacement of a beam, and thus its acceleration,

makes the assumption that the beam moves like a rigid beam pivoting about a point. This

assumption allows for simple trigonometry to be used and is a reasonable assumption for

the first mode of a cantilever, Figure 8.10, due to the mode shape and small deflection. As

was shown in Section 7.2, by Eq. (7.13) it can be seen that the detector is sensitive to the

angle of the beam and not the deflection of the beam.
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Figure 8.10: Diagram of the normalized deflection for the first mode of a cantilever (blue
line) with length l and the normalized slope of the first mode (black dashed line). Calculated
using Eq. 2.42.

The first mode of the cantilever has a normalized slope of 0.8 at 0.45l and the second

derivative of the first mode becomes small close to the free end. It is incredibly difficult to

align the detector such that it is sensitive to the very tip of the cantilever. If the alignment is

such that the detection point is at 0.8l, the normalized slope of the cantilever is 0.989 and

the results can be considered as if they were obtained at the free end.

The first derivative of the first mode remains relatively large across the entire length of

the beam compared to the second mode. This can be seen by comparing Figures 8.10 and

8.11 respectively. The first derivative starts to approach a constant value like the first mode

but not until after 0.8l. This makes it more challenging to determine what the displacement

of the free end is as the alignment must be such that the detection point is as close to l as

possible.
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Figure 8.11: Diagram of the normalized deflection for the second mode of a cantilever with
length l (blue line) and the normalized slope of the second mode (black dashed line). The
green dashed vertical line at 0.47l indicates where the slope is 0 and the red dot-dashed
vertical line at 0.78l indicates where the deflection of the cantilever is 0.

The alignment challenge is not the greatest issue that arises as a result of the equipment

detecting the slope of the beam as opposed to its displacement. Consider the shape and

slope of the second mode. Figure 8.12 shows the expected peak noise for the second mode

for varying positions along the length of the 500 µm cantilever. There are two vertical

lines, a green dashed line and red dot dash line, that correspond to the lines shown in Fig.

8.11. This result shows that the expected noise goes to zero at 0.47l despite the fact that the

cantilever has a non-zero displacement at that point.
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Figure 8.12: NASD of the slope of the beam. EBBE model prediction for the measured
noise of the second mode of a cantilever beam (blue line). The green dashed line and red
dot-dashed line correlate to those in Fig. 8.11 indicating where the slope and displacement
are 0 respectively.

The noise of the cantilever was measured at four different positions along the length

of the beam, based on the predicted noise of Fig. 8.12. The result of this experiment are

presented now. Figure 8.13 shows the experimental result for Jslope(x|ω) when the detection

point is at 0.8l while the spectrum Jslope(x|ω) is calculated from the raw data using Eq.

(7.42). The peak for both the first and second modes can be clearly identified. The model,

for reasons unknown, is large by a factor of 2.
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Figure 8.13: Measured noise of the 500 µm cantilever when the detection point is approx-
imately at 0.8l where ζ(x) = 1.32. Plot a) shows the measured noise across the full range
of 0.16 rads−1 to 628 krads−1. Plot b) shows a zoomed in image of the second harmonic
peak. The second resonance peak is easily found in both plot a) and b) without the EBBE
model showing where it is located.

Without knowledge of the detectors response to the cantilever’s slope it would be rea-

sonable to guess that, based on normalized displacement of the second mode, that the peak

for the second mode would not be identifiable if the detection point were at 0.78l as the

displacement of the beam is 0. However, the second derivative of this mode is non-trivial

and thus, based on the detector’s response to the slope of a beam, a peak is expected to be

observed. Figure 8.14 shows these results and a peak is found despite the cantilever having

no deflection at this point.
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Figure 8.14: Measured noise of the 500 µm cantilever when the detection point is approxi-
mately at 0.78l where ζ(x) = 1.32. Plot a) shows the measured noise across the full range
of 0.16 rads−1 to 628 krads−1. The resonance peak for the first mode is easily detected
and there is a notable data point where the second resonance peak is expected to be. The
displacement of the beam at this point is 0 while the slope is not. Plot b) shows a zoomed
in image of the second harmonic peak. The location of the second resonance peak can only
be found using the EBBE model and could easily be mistaken for a random, high noise
data point. The location of the peak is indicated by a single data point as the peak is largely
hidden by the noise of the system.

At the point 0.47l the cantilever has a normalized displacement of 0.72 while the slope

is 0. The results of Fig. 8.15 shows that the resonance peak for the second mode at the point

0.44l and the peak is indistinguishable from the noise of the rest of the system. The model

shows that there should be a small peak detected by the equipment if the system noise were

quiet enough. Between the two quadrants of the detector is a small gap of 0.2 mm causing

the detector to be sensitive to two points slightly separated apart. In an attempt to obtain a

measurement as close as possible to the point 0.47l, the detector was slowly shifted back

and forth until a minimum noise level was found around the point 0.47l. As a result of

this slight gap the peak could not be wholly eliminated; however, it can be seen that it does

vanish into the system noise.
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Figure 8.15: Measured noise of the 500 µm cantilever when the detection point is approxi-
mately at 0.47l where ζ(x) = 1.13. Plot a) shows the measured noise across the full range
of 0.16 rads−1 to 628 krads−1. Plot b) shows a zoomed in image of the second harmonic
peak. The slope of the second mode is 0 at this point while the displacement is not. The
location of the second resonance peak is indicated by the EBBE model but the peak is not
notable as it is completely hidden by the noise of the rest of the system.

The detector was then shifted such that detection point would move much closer to the

base of the cantilever. It was hoped that the detector point would be around 0.2l where there

is a local maximum of the first derivative of the mode. Unfortunately this point proved

difficult to find and it was determined that the detector was sensitive to the point 0.045l

instead.
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Figure 8.16: Measured noise of the 500 µm cantilever when the detection point is approxi-
mately at 0.45l where ζ(x) = 1.11. Plot a) shows the measured noise across the full range
of 0.16 rads−1 to 628 krads−1. The amplitude of the resonance peak, as calculated using
the EBBE model, for the first mode is about the same as the second mode’s peak. Plot b)
shows a zoomed in image of the second harmonic peak. The amplitude of the noise peak
for the second mode has increased from the previous plot as the slope is greater, despite the
fact that the displacement is smaller.

A contributing factor to this variation is likely to be the process used to determine the

position that the detector is sensitive to. Obtaining a good alignment with good knowledge

of the point the detector is sensitive to is challenging at best. The equipment is aligned such

that the first mode’s resonance peak can be detected and then the detector is shifted until

it is believed that the detector is sensitive to the correct location of the cantilever based on

the image of the reflected laser on the detector. The exact point of sensitivity cannot be

determined at this time of the experiment. The data is collected and then the model is fit

to the data and the point of sensitivity is then obtain from this result. The fitting process

is done by eye based on the amplitude and position of the resonant peak. This process is

not done using a fitting routine as the noise over large frequency ranges may not be caused

predominantly by the cantilever and, as seen in Fig. 8.13, the amplitude of the models
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noise can be significantly different than the data causing other fitting issues. Fitting by

eye introduces other difficulties that may be contributing to inaccuracies of the position of

sensitivity. However, these errors are not expected to be significant as these fits were done

with two peaks in mind and a change of position of a few percent can be found to make

large changes to the model, especially with regards to the second mode’s resonance peak.

Bridge Beam

The interest of the bridge beam is to determine if the cantilever is the best option for the

MOND experiment. This consideration is purely theoretical and no data has be acquired for

a bridge. The validity of the bridge can be determined based on the detector’s response to

the deflection of a beam and the results found for the cantilever. The dominant mode at low

frequencies is the first mode and as a result this is the mode that will be considered here.

The first mode of the cantilever has both the largest deflection and largest slope at the

free end of the beam. As a result the optimal point to make measurements of the beam is at

the free end. This deflection and slope is possible as the free end of the beam is unrestricted

and by the boundary conditions of the cantilever at the free end, Eq. (2.31), neither the

deflection nor slope are constrained at this point. The bridge beam is rigidly mounted at

both ends causing both the displacement and slope to be zero at both ends, see the boundary

conditions in Eq. (2.44). From these boundary conditions the first mode was determined

and it is shown in Fig. 8.17.

Based on the results of the previous section and the shape of the bridge beam’s first

mode, it is expected that the point where the beam has its maximum deflection, 0.5l, will

also produce a trivial amount of noise due to it having zero slope at this point. In the same

fashion that the noise was determined along the length of a cantilever beam in Fig. 8.12,

so to has the noise been found for the bridge, Fig. 8.18. The results found for the bridge

theoretically confirm what was expected at 0.5l where the noise becomes trivial. Given

that the maximum displacement cannot be accurately measured for the dominant mode at
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Figure 8.17: Diagram of the normalized deflection for the second mode of a bridge beam
with length l (blue line) and the normalized slope of the first mode (black dashed line).
The green dashed vertical line at 0.5l indicates where the slope is 0 and the red dot-dashed
vertical lines at 0.224l and 0.776l indicates where the deflection of the cantilever is 0.
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Figure 8.18: NASD of the slope of the beam. EBBE model prediction for the measured
noise of the first mode of a bridge beam (blue line). The green dashed line and red dot-
dashed lines correlate to those in Fig. 8.17 indicating where the slope and displacement are
0 respectively.

low frequencies where the potential MOND experiment is intended to be performed means

that the bridge beam cannot be used. A potential method to solved this issue is by using

an interferometer aimed perpendicularly to the beam at 0.5l. While this method would

work for measuring the noise of the beam, issues arise when a second laser is introduced to

drive the beam’s motion. It is possible that the beam from the driving laser could interfere

with the interferometer which would, at best, introduce noise or, at worst, interfere with the

signal completely making the measurement unreliable.

8.9 Instrument Noise

Each piece of equipment contributes to the total noise of the system. A careful study

of the each component’s noise levels can help to determine which component is the nois-

iest and requires improvement or replacement. The same experimental procedure used to

determine the NASD of the cantilever is repeated with the equipment component of inter-
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est connected to the LIA. The only exception to this is the detection laser, an issue to be

discussed later.

The noise measurements that are presented from this section to 8.10 are noise measure-

ments for the cantilever. Section 7.2 discusses the relationship between the motion of the

cantilever and the measured result, Eq. (7.26). The measurements that are obtained for one

setup to the next will vary, even for the same cantilever. Each time the equipment is setup

it is likely that the VTD factor or distance between the cantilever and detector will change.

The results presented here are intended to eliminate potential changes between setups by

presenting the NASD of the slope of the beam, calculated using

√
J∂w

∂x
(x0|ω) =

(
Vdi f f

)
rms

2RCuv
√

∆ω′
. (8.3)

For the cases where instrument noise was being measured, LIA, detector and laser noise,

the values used for Eq. (8.3) were based on values for when the 500 µm cantilever was in

place. This was chosen as measurements of the detection laser’s noise were obtained while

the sum and difference output of the detector were as close as possible to the case where the

500 µm cantilever was being measured. Based on typical values for 2RCuv of the 500 µm

and 225 µm cantilevers, it is expected that the reported noise values for instrument noise

alone to be twice as large as it would be if values for the 225 µm were used. Noise of this

type is referred to as effective noise.

All of the noise in Fig. 8.19 is equipment noise with the exception of the spike at∼1130

rad/s which is the third harmonic of the input power. The total noise of the LIA and detector

are several orders of magnitude quieter than any of the other components and thus this noise

is not a significant contributor and will be wholly ignored.
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Figure 8.19: Effective NASD of the slope noise for the LIA, detector and detection laser.
The noise of the LIA (cyan stars), detector (black dashes) and detection laser (blue pluses).
These results show that the LIA, connected to a 50 Ohm resistor, generates less noise than
any other piece of equipment. The detection laser also generates more noise than the LIA
and detector combined and thus only the laser needs to be considered for future analysis.

Figure 8.20 shows the noise results for the detection laser and the 225 µm and 500 µm

cantilevers. The noise of the 225 µm cantilever is consistently quieter than that of the 500

µm cantilever except for the fundamental resonance peak of the 225 µm cantilever.
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Figure 8.20: NASD comparisons for the detection laser (blue pluses), the 225 µm cantilever
(red x) and the 500 µm cantilever (green dots). The detection laser was measured using the
difference output of the detector using an alignment that gave the same sum and difference
output as that with the 500 µm cantilever.

As mentioned earlier, determining the actual noise of the driving laser when attempt-

ing to measure the cantilever’s noise is challenging. The noise is measured using a similar

method as that of the cantilevers. For this measurement the cantilevers are removed from

the system and the laser is aimed directly at the detector. The noise reported for the laser

in Figures 8.19 and 8.20 were collected while the output of the laser was set such that the

sum and difference output of the detector were the same as they were for the experiment

measuring the 500 µm cantilever’s noise. This method was chosen as it would give a good

understanding of the noise of the laser during the 500 µm cantilever measurement exper-

iment. These results show that the total noise that is measured for the 500 µm cantilever

was affected by the detection laser, especially in the range of 25 to 900 rad/s. This could

be a potential issue for the future MOND experiment as results will show that the ideal

frequency range is between 6 and 60 rad/s.

The noise of the detection laser could not be determined for the 225 µm cantilever. The

surface area of this cantilever is very small making the reflected portion of the beam that
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strikes the detector cover a much smaller area than in the case of the 500 µm cantilever

or the laser directly on the detector. The output response of the detector is dependent on

both the intensity of the beam that strikes it and the area over which the beam is spread. In

order to get the beam to strike a small enough area an object would be required for blocking

which would be incredibly difficult to get the right shape to reproduce the 225 µm cantilever

result.

8.10 Cantilever Noise Results

NASD is the square root of the power per unit of bandwidth and is a general term

that applies to many different noise and power sources. The NASD is calculated based on

the raw output of the LIA using the method outlined in section 7.3. The NASD for each

system or individual equipment pieces can be measured by connecting them to the LIA and

recording the resulting noise across a large range of frequencies.

This section discusses the NASD calculated from the LIA output for the equipment as a

whole but the dominant source of noise, especially at high frequencies, is the displacement

of the laser across the detector caused by the motion of the cantilever.

8.10.1 500 µm Cantilever

The cantilever was found to have a fundamental frequency of 31.3 krad/s (See Fig.

8.21). There are four notable data points that do not conform to the expected trends of

the data based on the model. The first two are at 75 and 80 rad/s where the source of the

sudden spikes of noise at these two points is unknown. There are no known features or

sources of noise that are expected to cause large amounts of noise at these two frequencies.

The other two are at 380 and 750 rad/s. These two sudden drops in noise are located at the

fundamental frequency and first harmonic of the power line. The LIA uses a filter at these

frequencies causing measurements in this region to be lower than expected.
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Figure 8.21: NASD of the slope of the 500 µm cantilever with the theoretical EBBE model
(blue line) and experimental results (green dots). The theoretical model does not account
for any noise sources except for the expected cantilever noise. This data was collected using
a detection point of 0.75l.

The measured noise fits the model at the resonant peaks of the first two modes well

for both the resonant frequency and amplitude. The values for the resonant frequency of

the EBBE model and the DHO fit for the two peaks are different by 1%. The third peak as

calculated by the EBBE model is expected to be less than the noise of the system, confirmed

by the data as this peak is not present. There is more noise in the experimental data than

is expected from the model. This noise is louder than the third resonant peak causing it to

be hidden. From the results of Fig. 8.20 this source of this noise is expected to be from

the detection laser. The largest variation between the EBBE model and the data is at low

frequencies, specifically the experimental results diverge from the model at 5 krads−1 and

the data has a large increase in the noise at frequencies below 1 krads−1. The source of the

low frequency noise is expected to be the result of the detection laser, based on the results

of Fig. 8.20.

165



8.10. CANTILEVER NOISE RESULTS

8.10.2 225 µm Cantilever

The 225 µm cantilever has a very high fundamental frequency, 341.9 krad/s (See Fig.

8.22), which is close to the maximum frequency that the lock-in amplifier is capable of

measuring, 640 krad/s. All of the higher order resonance frequencies are well above what

can be measured and as a result cannot be used to help obtain a good fit of the EBBE model

of the experimental results. The detection point, based on the EBBE model, is at 0.25l.

This is very close to the base of the cantilever. The detector and lasers were realigned in

an attempt to obtain better results but the resonant peak could not be found. These results

provided a well defined resonant peak that could easily be fit and thus have been used for

this analysis.

Figure 8.22: NASD of the slope of the 225 µm cantilever with the theoretical EBBE model
(blue line) and experimental results (green dots). This data was collected using a detection
point of 0.25l.

The experimental results for the instrumental noise of the 225 µm cantilever is 29 times

quieter than that of the 500 µm cantilever at 25 rad/s while the theoretical model for the

thermal noise is 70 times quieter. As a result the 225 µm cantilever is a better candidate for
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the MOND experiment. However, due to the small amount of noise, the cantilever thermal

noise can easily be drowned out by other sources. For the small cantilever to be a candidate

for the MOND experiment the detection system would need to be improved, potentially

by converting to an interferometer setup as opposed to the optical lever detection system

used currently or a laser with less noise. The 225 µm cantilever also has the advantage of a

very high quality factor compared to the 500 µm cantilever. As a result, the thermal energy

driving the vibrations of the cantilever is concentrated in the resonant peak which reduces

low end noise.

The discrepancies between the model and the data make it difficult to use the model for

any useful understanding at the lower frequencies that could be used for a future MOND

experiment. Frequencies below 70 rads−1 are shown in Fig. 8.23 where the model and data

differ by up to 2 orders of magnitude. Any efforts to try and determine the uncertainty for

acceleration measurements must be done from the data alone.

Figure 8.23: Plot of the theoretical (blue line) and experimental (green dots) NASD of the
slope of the 225 µm cantilever. This data was collected using a detection point of 0.25l.

Walters et al. [58] studied micro-cantilevers to determine the advantages of using short
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cantilevers, 200 µm and shorter, for AFM experiments. They studied the noise spectra of

the cantilevers in air and water. Their results found that the fluids caused a shift and broad-

ening of the resonance peak. However, their results showed that for two cantilevers in the

same fluid, the shorter one would have less noise at lower frequencies. The study that they

performed was interested in micro-cantilevers and their application for AFM applications.

The noise spectrum that they obtained were at higher frequencies and they did not study

frequencies below 1 krads−1. At the time of writing the author is unaware of any study of

the noise spectrum of micro-cantilevers at frequencies below 1 krads−1.

8.11 Noise in the Cantilever’s Slope

The total noise contribution to a measurement is dependent upon the time constant and

filter pole order that are used for the measurement, dictating the ENBW. Table 6.2 lists the

equations to calculate the ENBW and required wait time for a measurement for the first four

pole orders. The duration of time for an experiment to be performed while the apparatus

is in free fall on Earth in a drop tube or air plane is very short. The noise contribution

will be considered for three different time constants, all using a 4th order pole, they are:

0.03 seconds, 1 second (reasonable for Earth based experiments), and 1000 seconds (for

satellites).

Table 8.3: ENBW for measurements using a 0.003 s, 1 s and 1000 s time constant, each
using a 4 th order pole

0.003 s 1 s 1000 s

ENBW [rads−1] 16 0.49 4.9×10−4

√
ENBW [

√
rads−1] 4.0 0.70 2.2×10−2

The expected contribution of the noise of the slope to a measurement can be calculated

by multiplying the NASD of the slope by the ENBW of the measurement. This has be

computed using the results from the previous section, Sec. 8.10, and the aforementioned
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time constants. These results are plotted in Fig. 8.24 for the 500 µm cantilever.

Figure 8.24: Contribution of the noise to a measurement of the slope of the beam for the
500 µm cantilever using three different time constants, each using a 4th order pole. The
time constants are: 0.03 second time constant (data: blue dots, model: blue dot dash line),
1 second (data: green x’s, model: green dashed line), and 1000 seconds (data: red pluses,
model: red dotted line).

Table 8.3 gives the square root of the ENBW for the three different time constants

being considered here. The relative difference of the uncertainty of a measurement for two

time constants can be determined by taking the ratio of the square root of their respective

ENBW. From this we expect that the 0.03 s time constant will have ∼ 5.7 times larger

uncertainty than the 1 s time constant, while the 1000 second time constant will have ∼ 32

less uncertainty than the 1 s time constant. These ratios are confirmed by the results of Fig.

8.24. When choosing a time constant for experiments it is ideal to use one that is as large

as possible. This reduces the uncertainty of a measurement, increasing the SNR.
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8.12 Cantilever Acceleration Noise Spectral Density

The noise measurements presented in this section is the acceleration NASD of the can-

tilever. It is calculated using the results of the previous section and the process outlined in

section 7.4.

The NASD experiments help to determine the ideal frequency for the acceleration ex-

periment. For the MOND experiment, it is beneficial to use a frequency that is as small

as possible as this allows the amplitude of the cantilever and the signal to be as large as

possible. Extra considerations will be made for the 3 to 60 rads−1 range as this has been

determined to be the ideal range for the MOND experiment.

At frequencies below 500 rad/s the LIA NASD tends to increase with decreasing fre-

quency. The acceleration NASD of the cantilever has a linear dependence on the beam’s

displacement but is related to ω2, see section 7.4. Since ω2 increases at a much faster rate

than the LIA NASD decreases, the acceleration NASD increases with frequency.

Figure 8.25: Plot of the theoretical (blue line) and experimental (green dots) acceleration
NASD of the 500 µm cantilever.

Figure 8.25 shows the acceleration NASD, calculated from the slope NASD using Eq.
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(7.44), for the 500 µm cantilever while Fig. 8.26 shows the acceleration NASD for the

225 µm cantilever. The NASD results for the 500 µm cantilever is about 10x larger than

that of the 225 µm cantilever and this continues with the acceleration NASD. This reduc-

tion in noise is an argument for the use of the 225 µm cantilever for the potential MOND

experiment.

Figure 8.26: Plot of the theoretical (blue line) and experimental (green dots) acceleration
NASD of the 225 µm cantilever.

From these results it would appear that the optimal frequency to use for the MOND

experiment is the lowest possible frequency as the acceleration NASD and frequency are

proportional. Selection of the measurement frequency for the MOND experiment is also

dependent upon the choice of settings used with the LIA. As discussed in Sec. 8.2, harmonic

noise becomes an issue if too short of a time constant or low of a filter pole order are chosen.

The sync filter option of the LIA, section 6.8.3, can be used to remove harmonic noise at the

expense of extending the measurement time by 2π/ω seconds, where ω is the measurement

frequency.
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8.13 Rms Acceleration Noise

Experimental results for arms will now be presented and compared with a0. This will

allow for different equipment settings to be considered for the purposes of reducing the

acceleration uncertainty to be about a0, or even better, to just 0.1a0. Uncertainty levels of

this magnitude will allow for the MOND experiment to be performed, at least in principle,

in a suitable environment with low drag, free fall.

The expected acceleration uncertainty of a measurement, arms, can be calculated from

the acceleration NASD, Jacc(x|ω), by using Eq. (7.45). The ENBW will be calculated using

the a 4th order pole and the time constants specified in section 8.11. This has been computed

using the data from Fig. 8.25 to produce Fig. 8.27 using the previously mentioned time

constant and filter pole order pairs.

Figures 8.27 and 8.28 show the expected acceleration uncertainty for three different

time constants: 0.03 seconds, 1 second, and 1000 seconds. From Fig. 8.27 for the 500

µm cantilever, the maximum possible frequency where the acceleration uncertainty will be

equal to a0 can be found for a given time constant. The uncertainty is proportional to the

frequency and thus this maximum frequency can always be found. For the listed time con-

stants the frequency is (1.1±0.06) rad/s, (2.8±0.1) rad/s, and (21±1) rad/s, respectively.

If the duration of the experiment can be extended then the uncertainty can be reduced to

just 0.1a0. For this small uncertainty the maximum frequency is (1.19±0.06) rad/s for the 1

second time constant and (5.9±0.3) rad/s for the 1000 second time constant. The data does

not extend to a low enough frequency for a value to be obtained for the 0.03 second time

constant option. The results that are obtained here are very encouraging for the MOND ex-

periment. The uncertainty can also be reduced by increasing the time constant and allowing

the experiment to run longer. This aspect along with the benefits of repeated measurements

will be discussed in more depth in Ch. 9.
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Figure 8.27: Contribution of the noise to a measurement of the acceleration of the 500
µm cantilever using three different time constants, each using a 4th order pole. The time
constants are: 0.03 second time constant (data: blue dots, model: blue dot dash line), 1
second (data: green x’s, model: green dashed line), and 1000 seconds (data: red pluses,
model: red dotted line). The solid, black, horizontal line indicates a0 and the black, dashed,
vertical line indicates 10 rad/s.

Figure 8.28 is a plot of the expected uncertainty of an acceleration measurement for

the 225 µm cantilever. These results are calculated using the same time constants as those

used for the 500 µm cantilever: 0.03 seconds, 1 second, and 1000 seconds. The maximum

frequency for a measurement with an expected uncertainty of a0 for the 225 µm cantilever

for these time constants are (6.2±0.3) rad/s, (20±1) rad/s, and (63±3) rad/s, respectively.

The uncertainty can be reduced further to just 0.1a0 if the maximum frequency for each time

constant is reduced to (1.77±0.08) rad/s, (4.4±0.2) rad/s and (38±2) rad/s, respectively.

The increased maximum frequencies is the result of the 225 µm cantilever having less noise

at low frequencies than the 500 µm cantilever.
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Figure 8.28: Contribution of the noise to a measurement of the acceleration of the 225
µm cantilever using three different time constants, each using a 4th order pole. The time
constants are: 0.03 second time constant (data: blue dots, model: blue dot dash line), 1
second (data: green x’s, model: green dashed line), and 1000 seconds (data: red pluses,
model: red dotted line). The solid, black, horizontal line indicates a0 and the black, dashed,
vertical line indicates 55 rad/s.

The results of Figs. 8.27 and 8.28 for the maximum frequencies are presented in Table

8.4. These results show that the frequency ranges that can be used for both the 225 µm

and 500 µm cantilevers extend to relatively large frequencies for an uncertainty on the

order of a0. This shows that both cantilevers can be used for the MOND experiment. For

example, if the 225 µm cantilever were used with a 1 second time constant at 20 rad/s, the

required experimental time for the MOND experiment is just 10.3 seconds. This duration

is comprised of 10 seconds required for the LPF and 0.3 seconds for the sync filter. It

is possible to reduce the uncertainty to well below a0 if there is sufficient time. If the

experiment is performed at a frequency of 4.4 rad/s the sync filter will required 1.4 seconds.

In this case the time for the experiment will be 11.4 seconds and the uncertainty will be

0.1a0. For an increased experimental time of just 1.1 seconds the uncertainty can be reduced
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by an order of magnitude.

Table 8.4: Comparison of the frequency where acceleration noise is equal to a0 and 0.1a0
for the 225 µm and 500 µm cantilevers. The results are presented for a LPF using a 4th

order pole filter and time constants of 0.03 s, 1 s and 1000 s. The frequency for 0.1a0 for
the 500 µm cantilever has not been included as the data does not extend to a low enough
frequency.

225 µm Cantilever 500 µm Cantilever

Time Constant [s]
Frequency for

a0 [rad/s]

Frequency for

0.1a0 [rad/s]

Frequency for

a0 [rad/s]

Frequency for

0.1a0 [rad/s]

0.03 6.2±0.3 1.77±0.08 1.1±0.06 -

1 20±1 4.4±0.2 2.8±0.1 1.19±0.06

1000 63±3 38±2 21±1 5.9±0.3

8.14 Driven Acceleration Results

The MOND experiment requires the cantilever to be driven at a specific frequency and

the cantilever’s resulting deflection to be measured. The driven acceleration experiment

uses the same detection system as before with the only equipment change being the addition

of a laser aimed at the cantilever to drive the cantilever’s motion. Unlike the detection laser,

the driving laser’s intensity is pulsed at a frequency of 25 rad/s and variation of the radiation

pressure causes the cantilever to move.

8.14.1 500 µm Cantilever

The 500 µm cantilever is very thin, 1 µm, and has a small spring constant, 0.03 N/m,

compared to the 225 µm cantilever, 2.5 µm and 2.8 N/m respectively. The 500 µm cantilever

is highly susceptible to small forces making it difficult to reach low accelerations. In an

effort to help minimize the acceleration, the cantilever was placed a large distance away

from the focal point of the driving laser and a filter was used on the laser resulting in about

0.01% of the emitted light to strike the cantilever.
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Figure 8.29 shows the results of the laser driven experiment for the 500 µm cantilever.

The measurements were obtained using a 3 second time constant, fourth order pole filter

and the sync filter. The laser was set to a given power and then 49 samples were obtained

for that load.

From these results it can be seen that the 500 µm cantilever can be driven at acceleration

levels around a0. As the 500 µm cantilever is so thin it is very susceptible to small loads

which can make it difficult to reach very low acceleration levels. The acceleration of the

detection point on the cantilever can be modelled as a simple harmonic oscillator. The

magnitude of the acceleration of a simple harmonic oscillator is |a| = Aω2 where A is the

amplitude and ω is the frequency of oscillation. The acceleration of the oscillator can be

held constant while increasing the amplitude if the frequency is reduced appropriately. If

the driving frequency were reduce to 10 rad/s then the amplitude of oscillation would be

increased by a factor of 6.25. This would make it easier to drive the cantilever at lower

accelerations and could provide a significant improvement for the 500 µm cantilever.

Figure 8.29: Plot of the experimental acceleration of the 500 µm cantilever driven by a
laser. These results were obtained with the cantilever driven at 25 rad/s, using a 3 second
time constant and 4th order pole filter. The error of the laser load is 0.1%.
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8.14.2 225 µm Cantilever

It is easier to reach acceleration levels below a0 with the 225 µm cantilever than it was

with the 500 µm cantilever due to its increased thickness and spring constant. The 225

µ cantilever also has a surface area that is 8× smaller than that of the 500 µm cantilever

allowing smaller driving loads to be achieved.

Figure 8.30: Plot of the experimental acceleration of the 225 µm cantilever driven by a
laser. These results were obtained with the cantilever driven at 25 rad/s, using a 3 second
time constant and 4th order pole filter. The error of the laser load is 0.1%.

Figure 8.30 shows the results of the laser driven experiment for the 225 µm cantilever.

The measurements were obtained using a 3 second time constant, fourth order pole filter

and the sync filter. The laser was set to a given power and then 49 samples were obtained

for that load.

The 225 µm cantilever was capable of being driven at very low acceleration levels. The

results presented in Fig. 8.30 focus on the acceleration of the cantilever in the Newtonian

regime, accelerations greater than a0. As with the 500 µm cantilever, it has been found that

the 225 µm cantilever can be driven at very small accelerations approaching the MOND
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regime.

The same results displayed on a log-log scale in Fig. 8.31 show that it is possible to

reach acceleration levels below 10−10 m/s2, that is, within the MOND regime. At these

low acceleration levels the noise contribution to the measurement becomes significant. The

error of these measurements could be reduced by increasing the time constant or filter pole

order. This plot is included to show transition from the Newtonian regime to accelerations

within MOND regime. The experiment is performed in the Earth’s gravitational field and no

MOND effects are expected to be observed. However, this cantilever has been successfully

driven at accelerations within the MOND regime.

Figure 8.31: Plot of the experimental acceleration of the 225 µm cantilever driven by a laser.
These results show the driven acceleration level of the cantilever to be within the MOND
regime. The error of the laser load is 0.1%.

The 225 µm cantilever would benefit from a lower driving frequency, just like the 500

µm would. The results for the 225 µm cantilever found that there was a notable increase in

the relative uncertainty of the acceleration measurements as the acceleration dropped below

3.5×10−10 m/s2. Reducing the frequency and increasing the amplitude of oscillation for
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the 225 µm cantilever could reduce the measured noise at these low accelerations.

8.15 Conclusion

The MOND experiment must be performed at low frequencies as this is where the noise

is the smallest. The measurements must be recorded in a short amount of time, a few

seconds, as the duration of time that an object can be in free fall is limited by the size

of the drop tube. As a result harmonic noise becomes an issue. Harmonic noise can be

limited through the use of the sync filter. The sync filter works as a notch filter to eliminate

harmonic noise at the expense of extending the wait time required for a measurement. The

sync filter will be required for the MOND experiment due to its restrictions but a careful

consideration of the frequency will be required to ensure that the wait time does not become

excessively long.

The methods used to determine important factors for the model were discussed. The

VTD factor can be found by taking measurements of the detectors output as the laser beam

shifts from one hemisphere to the other. This method is used to obtain the VTD factor and

determine a small region where the VTD factor can be described as linear. The driving

laser was calibrated using the simple method of measuring the power output of the laser

with respect to the voltage used to power it. These results were fitted with a linear function

such that a range could be found where the power output of the laser is linear with respect

to the applied voltage. This will determine the range that is used to power the laser for

the experiments which require the cantilever to be driven. Finally, the DHO model was

used to obtain values for the thickness of the cantilever. These results were found to vary

significantly from the EBBE model but could be used as initial values for a fit.

The noise effects of shifting the laser across the detector has been demonstrated. These

results found that the noise is minimized when the laser is centered, such that the mean

output of the detector is 0 V. It is expected that this is the result of common mode noise.

This allows noise that is common across the laser beam to be cancelled by the detectors
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left-minus-right operation. If the laser is off center the noise contribution on one side of the

detector will be greater than that of the other, which will be measured as increased noise.

The common mode noise is minimized by centering the laser but this does not eliminate

the measured noise. Shot noise is fundamental and randomly distributed across the laser

beam. This means that it cannot be eliminated and, due to its randomness, will not be

affected by the position of the laser on the detector.

The values for Re and T were calculated for both the 225 µm and 500 µm cantilevers.

From these results it is expected that the fluid will have an effect on the motion of the

cantilevers. This will result in broadening and shifting of the resonance peaks, leading to

an increase of the noise at low frequencies. Due to the larger value of T , it is expected that

the noise of the 500 µm cantilever will be affected by the fluid to a greater extent than the

225 µm cantilever.

The detector is sensitive to the slope of the beam and not the displacement. It was found

that the detection point was an important factor when measuring the noise for the second

mode. The second mode has a slope of zero at x = 0.47l which causes the noise to go to

zero for this mode at this detection point. This is not an issue for the first mode as the only

location that it has a slope of zero is at the beams mounting point and the measurements are

obtained using a detection point as close to the free end as possible.

The EBBE model was fit to experimental NASD of the slope data for the cantilevers

to determine if the measured noise of the equipment was excessively loud. The results

found that the noise generated at high frequencies was predominately generated by the

cantilever. This can be concluded based on the comparison of the EBBE model with the data

at frequencies around the resonance peaks of the cantilever. However, there was significant

instrumentation noise at low frequencies. This is an issue as it increases the noise at low

frequencies where the MOND experiment will be performed by a factor of 55 times for

the 500 µm cantilever and 125 times for the 225 µm cantilever. The source of this noise

has not been confirmed but it is likely caused by the detection laser. Improvements may
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be possible changing detection lasers or by switching the detection system from the optical

level method to an interferometer. The comparison of the instrumentation noise found that

the detection laser is also much louder than the noise generated by the LIA and the detector.

As a result it is reasonable to consider the noise of the LIA and detector as insignificant to

the noise. Any improvements of the detection system will have to come from improving

the laser or detection method.

The NASD of the slope of the cantilevers were measured and used to calculate the noise

of the cantilever’s acceleration. It was found that, by optimizing the equipment for low

frequency measurements, that the both cantilevers generate a small amount of noise and

that it is possible to make measurements of the acceleration within the MOND regime.

Both of the cantilevers were driven at acceleration levels near the MOND regime. This

demonstrates that both cantilevers are potential candidates to be used for the MOND ex-

periment. It was difficult to drive the 500 µm cantilever at accelerations within the MOND

regime. This is an issue that could be solved by driving the cantilever at a low frequency.

The results for the 225 µm cantilever showed that it could be driven at acceleration levels

within the MOND regime at 25 rad/s but the relative uncertainty of these measurements

were larger than those when the cantilever was driven at accelerations larger than 2×10−10

m/s2. This cantilever would benefit from reducing the driving frequency as well, likely

reducing the relative uncertainty at low accelerations.
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Chapter 9

Future MOND Experiments

9.1 Overview

This thesis has explored if an experiment to test MOND is possible in an Earth based

laboratory using an AFM cantilever. This chapter will use the experimentally determined

results from Ch. 8 to address this issue.

The MOND experiment is designed to be performed on Earth and with the equipment

in free fall which places significant restrictions on the duration of the experiment. Results

with higher SNR can be obtained with longer time constants and a larger filter order pole

for the LPF but the total time an object can spend in free fall is limited by the experiment

duration. There are two Earth based and one satellite experiments that will be considered.

9.2 Evaluation of RMS Acceleration

The acceleration of the cantilever can be solved by modelling the free end as a simple

harmonic oscillator, as in Sec. 7.4. Using this model the RMS acceleration, arms, of the

free end is arms = Armsω
2 where Arms is the RMS amplitude and ω is the frequency of

oscillation. The LIA output is proportional to the slope of the cantilever and the conversion

function ζ(x), Eq. (4.20), is used to obtain the cantilever’s displacement.

For a white NSD, J, with a magnitude of J0 and a narrow bandwidth ∆ω, the RMS of

the noise amplitude spectrum of the slope of the beam is

(
∂W (x|ω)

∂x

)
rms

=
√

J0∆ω. (9.1)
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Using the function ζ(x) this result can be used to determine the acceleration of the free end

as a simple harmonic oscillator,

arms =
lω2

ζ(x)

(
∂W
∂x

)
rms

=
lω2

ζ(x)

√
J0∆ω.

(9.2)

The bandwidth and wait time for the LPF can be calculated using

∆ω = ξT τ
−1 (9.3)

and

Tw = ξwτ (9.4)

where τ is the time constant. ξT and ξw are dimensionless quantities that are dependent

upon the filter pole order used. Their values can be determined from the results of Table

6.2.

The sync filter can be used to reduce harmonic noise allowing shorter time constants

to be used at low frequencies. The sync filter requires one period of the measurement

frequency, ω, and adds Ts = 2π/ω to the wait time. The total wait time that is required for

the LPF and sync filter is

T = Tw +Ts. (9.5)

The previous three results can be used to express Eq. (9.2) as

arms =
l
√

J0

ζ(x)
(2π)2

T 2
s

√
ξT ξw

Tw
(9.6)

The duration of time that can be used for the MOND experiment is determined by

the experimental parameters. However, Tw and Ts are variable and must sum to T . The
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derivative of this result, Eq. (9.6), with respect to Ts and Tw can be used to determine that

the minimization of arms occurs when

Ts = 4Tw =
4
5

T. (9.7)

This result can be substituted into Eq. (9.6) to obtain the minimum value of arms for an

experimental time of T,

arms =
25lπ2

4T 2.5
1

ζ(x)

√
5ξT ξwJ0. (9.8)

Let us consider the example for the 500 µm cantilever and use the NASD from Fig.

8.13. If a time constant of 0.1 s, a fourth order pole and a detection point of 0.8l are used,

then the values of the pertinent constants are:

ξT =
10π

64

ξw = 10

ξT ξw = 4.9087

ζ(0.8l) = 1.32√
J0 ' (3.6±2.4)×10−8 1/(rad/s).

(9.9)

The values for ξT ξw for 1st , 2nd and 3rd order pole filters expressed to 5 decimal places are

7.85398, 5.49779, and 5.30144, respectively. This allows for a 1 second measurement and

the expected uncertainty is 1.15×10−8 m/s2 or, dividing by a0 = 1.2×10−10 m/s2, 35a0.

Equation (9.8) can be used to express the ratio of acceleration uncertainty with respect to

a0 as

arms

a0
=

(
4.1±2.1

T

)2.5

. (9.10)

when T is expressed in units of seconds. This ratio allows us to easily determine the ex-
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pected acceleration uncertainty for any duration of time of an experiment or solve for the

required time based on the desired uncertainty level.

The drop tube at the Bremen facility allows for a maximum free fall time of 4.5 seconds

with a free fall distance of 146 meters [75]. If the experiment were performed at a facility

such as Bremen then the expected uncertainty, by Eq. (9.10), would be (0.6± 0.4)a0.

Bremen also offers the use of a “catapult” which is used to toss the equipment straight up

in the air to nearly the top of the 146 meter tube resulting in a 9.3 second free fall time [76].

Using the catapult system the uncertainty would be reduced to (0.13±0.09)a0.

Suppose that we are interested in reducing the uncertainty to 0.1a0. This will require a

measurement time, in seconds, of

T =
(4.1±2.1)

0.11/2.5 = 10±7. (9.11)

NASA has a KC-135 that flies parabolic paths between 24,000 and 32,000 feet creating

a short period of zero-g for 20-25 seconds [77, 78]. If we consider the longest duration

possible then it would be possible to reduce the uncertainty to just 0.011±0.007a0.

Let us now consider the case of extremely long time constants. Satellites allow the

experiment to always be in an inertial frame of reference meaning data can be collected for

as long as the equipment remains reliable. A recent experiment of the equivalence principle

was performed on board a satellite. The satellite was placed in a circular, sun-synchronous

orbit and used cold gas thrusters to control and maintain the orbit. Using this system the

experiment was capable of running for 120 orbits or roughly 8 and a quarter days allowing

for a difference of accelerations to be measured on the order of 10−15 m/s2, an order of

magnitude better than previous measurements [79]. A satellite could be used to reduce the

uncertainty to well below a0. The time required for a measurement with a uncertainty level

of a0×10−5 is (410±280) seconds.

The experiment can be performed in a custom made or very short vacuum chamber

such that the duration of the experiment becomes very small. If a vacuum chamber were
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designed such that it is 1 meter tall and has an apparatus at the bottom that is capable of

catching and tossing the experiment, then the experiment duration is 0.9 s. The uncertainty

for this duration is (44± 30)a0. To reduce the uncertainty down to a0, using multiple

measurements and statistics, a total of 442 = 1936 trials will be required. If we assume that

each trial takes 1 second from the initial toss to catching and preparing to toss again this

will require 33 minutes.

This experiment could be performed with the 225 µm cantilever instead. In this case the

value for J0 would be 3.5×10−9 1/(rad/s). Repeating the experiment in the short vacuum

chamber of the previous example, the uncertainty of this measurement will be 3.38a0 which

will require just 12 trials, based on theory.

9.3 Differentiating forms of µ(x)

MOND modifies Newtonian gravity through the use of the function µ(x). The form

of µ(x) is as yet undetermined, however, there are several different forms that have been

proposed. Two examples are used in literature are [80]:

µ1(x) =
x

1+ x

µ2(x) =
x√

1+ x2

(9.12)

Each of these functions have been used to obtain fits of observational data. µ1(x), the

“simple” interpolating function, has been utilized for the purpose of fitting galactic rotation

curves with some positive results. Due to the slow transition from the Newtonian to MOND

regime it has not provided satisfactory results for solar system observations [81]. The sec-

ond potential form, µ2(x), is referred to as the “standard choice.” This form transitions

between the MOND and Newtonian regimes much quicker [82], Fig. 9.1 demonstrates this.

Figure 9.1 shows a comparison of the expected acceleration of the cantilever due to

a laser driving source. This plot demonstrates how µ2(x) approaches the Newtonian ex-

pectation at much smaller acceleration levels. It is possible that the results of the MOND
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experiment in an Earth based laboratory will not provide a result that is considered strong

evidence for MOND. However, the experimental results may be help to determine if one

form of µ(x) is a candidate and which is not.

Figure 9.1: A comparison of the expected acceleration for the Newtonian regime, blue line,
and the MOND regime using µ1(x), red dot dash line, and µ2(x), black dash line.

9.4 Conclusion

This analysis has found that it is possible to reduce the uncertainty of the measurements

low enough that the experiment is possible in an Earth based drop tube. The uncertainty

can be reduced to less than a0 using the Bremen catapult system. These experiments could

also be performed in a small vacuum tube. The uncertainty of such a system is an order

of magnitude or two greater than a0, thus this method would required a large number of

trials. Satellites can be used to reduce the uncertainty to several orders of magnitude below

a0. Satellites could be used to obtain a collection of results for a range of frequencies. This

would allow for the results to be compared with different forms of µ(x) to determine if they

were potential candidates or not.

187



Chapter 10

Conclusion

This thesis has considered the potential application of using an AFM cantilever for the

purposes of measuring the driven accelerations within the MOND regime.

A theoretical model was developed to describe the thermal noise of the cantilever. The

EBBE was derived from first principles. This result was then solved for a cantilever in

a vacuum, from which the shape of the modes could be determined. The experiments

performed for this thesis were completed with the cantilever submerged in air. The effects

of a fluid on a beams motion were solved using the hydrodynamic function, which was

derived from Stokes’ equation. Finally, the thermal noise of the cantilever was calculated

using thermodynamics. From this a model was developed which could be used to calculate

the NASD for the thermal noise of a cantilever in a fluid.

The EBBE model of the thermal noise of a cantilever in a fluid was used primarily for

two purposes. The first purpose was to study the effects of the fluid on the thermal noise by

varying the properties of the fluid. The fluid was found to affect the resonant peak, both its

frequency and width, as well as the noise at low frequencies. Secondly, the model was also

used to fit to the experimental data to determine if the measured noise was predominantly

generated by the cantilever or some other noise source. The cantilever thermal noise was

found to be the primary source at frequencies around the resonant peak but not at very low

frequencies.

The EBBE model was also used to assess the DHO model which has been used in the

past to calibrate AFM cantilevers. DHO model predicts similar trends around the resonance
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peaks, but since it does not incorporate the true shape of the beam it is not capable of calcu-

lated the expected noise or position of the resonance peaks on its own. The DHO was used

to fit and obtain both the quality factor and resonance frequency of the fundamental mode

of the cantilever. These values can then used to calculate the thickness of the cantilever by

assuming ideal values for the width and length of the beam. It was demonstrated that the

DHO model can be used to fit the resonant peak of a cantilever. However, the calculated

value for the thickness of the beam using the quality factor and resonant frequency from

this fit was found to vary significantly from the EBBE.

Green’s function was used with the EBBE model to determine the response of a beam

to loads that are uniformly applied along the length of the beam and for point loads. The

case of a uniform load is of particular interest as the load caused by the driving laser is

uniform. This result will be necessary for the MOND experiment as deviations from this

result could indicate MOND effects.

The equipment used for the noise and driven cantilever experiments were discussed.

The manufacturer cannot produce the cantilevers to exact specifications and provide both

ideal values and a guaranteed range for the cantilevers. The guaranteed range was used to

demonstrate the effects of varying the dimension on the resonant peak. It was found that

varying the thickness of the cantilever has the greatest effect, thus it was used as the varying

parameter when fitting the EBBE model to the experimental data.

Important features of the LIA were also explained. The gain response of the LPF was

discussed and from this the ENBW was calculated. The LIA uses the LPF to reduce the

ENBW; this is what makes it possible for the LIA to detect very small signals is relatively

large amounts of noise. Harmonic noise can be introduced to the signal. This is an issue that

can be rectified through the use of the sync filter which serves as a notch filter for harmonic

noise. The sync filter is an important component as it allows the use of short time constants

at low frequencies, reducing the wait time for a measurement.

A model was then derived to describe the response of the equipment to the motion of
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the cantilever. This model allows for the NASD of the slope to be calculated. An important

constant is for this model is Cuv. This constant is measured experimentally and the process

to obtain this constant was demonstrated. The alignment process is used to try and get the

detection point, x0, as close to the tip of the beam as possible. The NASD is experimentally

obtained and then x0 is found using a fit of this model to the data. If the detection point is

found to be too close to the mounted end of the cantilever the alignment process is repeated

and the experiment repeated. The cantilever experiences the greatest amount of deflection

and acceleration at the free end of the beam, thus the equipment is aligned such that x0 is as

close to the free end as possible. A process was then developed that allows the acceleration

of the free end of the beam to be calculated using x0.

The advantages of the sync filter were shown using experimental data. If a short time

constant is used to make measurements at very low frequencies harmonic noise can become

an issue. This was demonstrated using multiple different data sets collected using different

time constants and filter pole orders with the sync filter on and off. These results showed

that the sync filter acts as a notch filter and removes the harmonic noise.

A limitation of the optical lever method is that it is sensitive to the slope of the beam

and the displacement of the beam must then be calculated. The model for the equipment

response was used to determine the expected NASD of the slope for the 500 µm cantilever

for four different positions along the beam for the second mode. The second mode was

chosen as it has a node where the deflection is zero but the slope is non-zero and an anti-

node where the slope is zero and the deflection is not. The model and the experimental

results found that the resonant peak for the second mode could be found for the node.

However, the resonant peak could not be identified at the anti-node, where the beam is

deflected.

Experimental measurements of the noise for both cantilevers were collected. These

results showed that there is significantly more low frequency noise than is expected as

calculated by the EBBE model. The source of this excess noise is thought to be from
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the detection laser, based on its noise measurements. It may be possible to reduce the

noise at low frequencies by using a detection laser that has less low frequency noise or by

improving the detection system over all. If this can be done then the low frequency noise

could be reduced by over an order of magnitude for each cantilever, a significant benefit for

the MOND experiment. This may be possible by switching to a detection laser that exhibits

less low frequency noise or changing to an interferometer detection system. The current

system for detection is the optical level method, which is sensitive to the slope of the beam

forcing the deflection to be calculated from this value. If the detection system were changed

to an interferometer setup, then the equipment would be sensitive to the displacement of the

beam.

The acceleration noise of the cantilevers can be calculated from the NASD of the

slope. These results show that the acceleration noise is quiet enough that, with the cor-

rect equipment settings, measurements of the cantilever’s acceleration can be made with an

uncertainty less than a0. This result shows positive results for the application of a micro-

machined cantilever to test MOND and has been the goal of this research project. If the

experiment is performed using a 4th order pole and 1 second time constant the accelera-

tion uncertainty, arms is expected to be a0 at (2.8±0.1) rad/s or 0.1a0 at (1.19±0.06) rad/s

for the 500 µm cantilever. For the 225 µm cantilever arms is expected to be equal to a0 at

(20±1) rad/s or 0.1a0 at (4.4±0.2) rad/s.

The acceleration uncertainty is related to the ENBW of the measurement and thus the

duration of the experiment. If the experimental duration must be kept very short, causing

the acceleration uncertainty to exceed a0, the uncertainty of the measurements can be re-

duced using statistics and multiple measurements. Even in the case where the experimental

duration is only 1 second and the uncertainty is 44a0, the experiment can be repeat 1936

times and reduce the uncertainty to be on the order of a0.

Using a driving laser, the cantilever were tested to determine if they could be driven

at acceleration levels around or below a0. The 500 µm cantilever was found that it could
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be driven at acceleration levels of 3× 10−10 m/s2 but it was difficult to achieve less. It is

possible that this cantilever needs to be driven at a low frequency than what was used, 25

rad/s. This would allow the cantilever to be driven at a larger amplitude causing it to not

become over driven as easily. It was found, at the same 25 rad/s, that the 225 µm cantilever

could be used to detect acceleration levels within the MOND regime. The 225 µm cantilever

was found that it could be driven at acceleration levels within the MOND regime. The 225

µm cantilever, similarly to the 500 µm cantilever, would likely benefit from being driven at

a lower frequency as well.

Adding in the condition of low-drag free-fall, the drop tube method can be used for both

very short time durations, 0.3 seconds, or a moderate duration of time, 4.5 seconds. The

duration of time that is possible is dependent upon the length of the drop tube. The cost of

the experiment can be reduced if the experiment is performed on location where there is a

sizable drop tube already constructed, like the Bremen facility with its 146 m drop distance.

This facility also provides the benefit of a very long drop distance and the catapult system,

increasing the free fall time. While this incurs the cost of travel, the benefits are significant

as a drop tube designed specifically for this experiment does not need to be built and the

number of trials that are required will be reduced.

The toss and catch method can be used to eliminate one of the main disadvantages of

the drop tube method, i.e., the length of the tube tube is only utilized for one direction of

travel. By tossing the experiment up and then catching the total duration of time for the

experiment is increased by a factor of two. This allows for data to be collected over a larger

amount of time and less trials to be required. This can pose a technical challenge as an

apparatus must be designed which can toss the equipment up smoothly, straight up, and

then catch it upon its return. A facility like Bremen is ideal for this method as they already

have an apparatus that is designed for this in their drop tube. This long duration of time for

the experiment allows for the equipment to use a small ENBW, increasing the SNR, and

the cantilever can be driven at a lower frequency, increasing the signal.
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A technical challenge that arises for both the drop tube and toss and catch method is

that the equipment needs to be reset after each run. For the drop tube the equipment will

need to be hoisted back to the top. The toss and catch system will require the equipment to

be re-centered in the tossing mechanism. This will ensure it does not collide with the wall

during flight.

The toss and catch method is the best method as it allows for the longest duration of

experimental time. There is also no need to build a specialized drop tube for the experi-

ment as there are drop tubes that already have the toss and catch ability. This makes the

experiment easily repeatable and the duration of time allows for a SNR greater than 1. The

two benefits can allow the experiment to be repeated multiple times using several different

driving frequencies in a short time for all the required experiments. Even if these results do

not provide conclusive evidence for MOND, having measurements for multiple different

driving frequencies may allow for the experiment to determine if some forms of µ(x) are

better candidates than others.
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