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Abstract

Falls in people over the age of 65 is a problem that has a significant and negative impact on a country’s
economy and faller’s quality of life. Despite the positive efforts to reduce falls, this problem is still in
need of a solution. Some of the efforts to improve postural stability (i.e., reduce fall risk) are physical
therapy, medication, and medical devices, all showing significant improvements in people’s postural
stability. However, in the case of medical devices, some (canes, wheelchairs, etc.) create a stigma of
weakness on the user, causing them to often choose to take chances by not using the suggested medical
device. Stochastic resonance, a relative new technology, has shown positive results towards improving
the somatosensory (sensation) feedback in humans, which is one type of sensory feedback used in
postural stability. Stochastic resonance can be introduced in humans through mechanically vibrating
their feet, making this potential medical device one that does not create a stigma of weakness among
their users (i.e., it would not be visible to the public). This dissertation covers the design, manufacturing,
validation, and performance assessment of a new vibratory mat that introduces stochastic resonance to

the user.

In the first study, the most-reported vibratory device in stochastic resonance studies was compared to
the vibratory mat that is proposed in this dissertation. By asking various questions that addressed
current design requirements, and new ones that increase the likelihood of being used by the targeted
populations, both vibratory devices (i.e., the one developed here and the one most-reported in the
literature) were assessed. It was found that our vibratory mat follows all designed requirements and has

as much potential (and possibly more) to be successful in stochastic resonance studies.

In the second study, our vibratory mat was quantified and validated by measuring the forces and
frequencies it exerted at various power levels, as well as by analyzing the quality of its vibrations. Using

all configurations in the vibratory mat, the exerted forces and frequencies were recorded and fitted by



quadratic regression equations. The obtained regression equations accurately quantified the forces and
frequencies since their fitting coefficients were R? > 0.87 and R? > 0.70, respectively. In addition, it was
validated through experimental data if the vibratory mat could accurately execute white, pink, and
brown vibrations. It was found that our vibratory mat can exert white, pink, and brown vibrations, and

that the quality of the signals increase as larger motors and power levels are used.

The final study of this dissertation consisted of quantifying the impact of subthreshold vibration (i.e.,
stochastic resonance) in small groups of healthy older adults and healthy younger adults who stood on a
1-inch foam to simulate a sensory deficit. This was tested by introducing white, pink, brown, and
placebo vibrations across 4 different visits, and recording their center of pressure prior, during and after
the vibration. The first result from this study was that the use of 1-inch foam in healthy younger
participants has the potential to simulate aging in future stochastic resonance studies. The second
significant result is that subthreshold vibration is dependent on the state of postural stability prior to the
vibration. Indicating that it is possible that more than one type of vibration could benefit people’s
postural stability, and that the most beneficial vibration to a participant could change day-to-day
depending on the participant’s state of postural stability. This implies a personalized medicine approach,
in which the vibration treatment is customized for the individual on the day of the treatment. Finally,
our results agreed with previous stochastic resonance studies towards the evidence that subthreshold

vibration reduces postural sway magnitude and increases predictability.
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Chapter 1: Introduction

Introduction and Motivation

One in three people over the age of 65 is expected to fall once per year, significantly changing their
quality of life and resulting in significant health care costs. In 2017, the US Department of Housing and
Urban Development predicted that by the year of 2020, $59.7 billion were going to be used to cover fall-
related injuries. While we know that the cause of falls is multifactorial, one cause is due to low postural
stability (PS) which is defined as the integration and processing of all types of sensory feedback (visual,
proprioceptive, vestibular and somatosensory), and the correct execution by the central nervous system
of a biomechanical task (standing, walking, chair rise, etc.). A loss of performance in any of the types of
sensory feedback or in the central nervous system results in low PS and an increased fall risk. Canes,
wheelchairs, and walkers are examples of strategies to improve PS and reduce fall risk. Despite the PS
improvements these devices offer, people often choose not to use them since they create a stigma of
“weakness”. Introducing vibration on the plantar foot surface has shown potential to improve PS

without the social stigma.

Vibratory mats or insoles improve PS since they introduce stochastic resonance (SR) in the
somatosensory feedback (i.e., sensation). The ability to sense touch stimuli is strictly dependent on the
neurons at the skin crossing the sensing threshold level. This means that sensation is only recorded by
the brain if the touch stimulus at the skin makes the neurons cross the sensing threshold level. SR is the
addition of noise to a system, so that the system with the noise can cross a threshold level that the
system alone could not cross. Given that older adults and those affected by diabetes and stroke often
experience loss of somatosensory feedback, vibratory devices that introduce SR at the bottom of the

feet are strong candidates to improve PS without creating a stigma of “weakness”.



Specific Aim 1: Design and Manufacturing of a Vibratory Mat

The most recent SR studies that have assessed the effect of vibration under the feet on PS have used
vibratory insoles. Current design requirements followed by these insoles cover the essential features
that any vibratory device should have. However, they do not cover features that increase the probability
of vibratory devices being used by people with low PS. This specific aim is to create a modified set of
design requirements that should be considered by future vibratory devices. Also, this specific aim is to
propose a vibratory mat that meets the current and new design requirements and has the potential of

being preferred over existing vibratory insoles.

Specific Aim 2: Validation of Vibratory Mat’s Output

Most of the SR studies that have assessed the effect of vibration under the feet on PS report their
vibrating outputs in units that are attached to their systems or participants (e.g., 70% power level, or
40% of the participant’s sensing threshold). In addition, all SR studies have claimed that their outputs
are constant or follow white noise patterns. It is proposed that all vibratory devices should have an
experimental validation on their outputs, since the assumption, whatever is input, it is the output, is
highly questionable. In fact, it is hypothesized that a vibrating output’s quality is dependent on the
system’s power level and/or participant’s weight. This specific aim is to establish a thorough and robust
validation process to be used on all vibratory systems. The results of this validation process will enable

the performance of different vibration systems to be directly compared.

Specific Aim 3: Impact of Vibratory Mat on Postural Stability

SR studies that have assessed the effect of plantar foot surface vibration on PS compare people’s
balance when vibration is and is not present. In fact, these studies make PS comparisons between the
before, during, and after the vibration has been administered. All studies that we found in the literature
have used vibrations that are constant or follow a white noise pattern. It is proposed that the effect of

vibration under the feet cannot be only described by whether vibration is present, and by when it is



administered. Instead, it is hypothesized that the effect of vibration under the feet is also dependent on
the participant’s balance before the treatment, and the efficacy of the treatment depends on the type

of vibration that is administered.

Dissertation Content

This dissertation is comprised of 6 chapters:

Chapter 1 introduces the current issue that is targeted by the three studies of the dissertation

(Chapters 3 to 6).

e Chapter 2 is an in-dept background and literature review of all relevant peer-reviewed papers
related to the issue introduced in Chapter 1.

e Chapter 3 addresses Specific Aim 1 by proposing new design requirements for future vibratory
devices, and a new vibratory mat that follows all requirements better than the most-reported
vibratory insoles.

e Chapter 4 covers Specific Aim 2 by quantifying the magnitude and quality of the new vibratory
mat’s outputs.

e Chapter 5 targets Specific Aim 3 by assessing how different types of subthreshold vibrations
under the feet affect people’s PS. Due to the COVID-19 pandemic, this chapter consists of a pilot
study (i.e., low sample size).

e Finally, Chapter 6 summarizes the most significant findings, any limitations within the studies

and future projects that could continue the work started by this dissertation.



Chapter 2: Background

Falls and Postural Stability
Falls among older adults in the United States is a problem best described by its cost. In 2006, $19.2

billion were used to cover fall related injuries among people over the age of 65 [1]. In 2017, the U.S.
Department of Housing and Urban Development stated that $40 billion were used to cover fall related
injuries among people over the age of 65, and predicted that by 2020, this would rise to $59.7 billion [2].
The increase of cost can be explained by the fact that around 1 in 3 adults over the age of 65 fall at least
once each year [2], and that the “baby boomer” population (around 76 million in the US) is above 74
years old, half of whom qualify for Medicare [3]. An increase on the number of people above the age of
65, and the lack of effective interventions to prevent falls yields more spending on reactive treatments

(e.g., emergency room visits).

Exercising, home modifications, vitamin D supplements, and medical devices are examples of
interventions available today that reduce falls in populations at risk [4], [5]. Physical therapy and home
exercises have been shown to reduce falls; however, they do not reduce falls that occur due to the
sudden loss of balance (e.g., tripping on a rug or uneven surfaces). Physical therapy and home exercises
strengthen muscles needed to keep a healthy balance, but they do not train the quick reaction time and
muscle activation needed when humans lose their balance suddenly [6]. In addition, physical therapy
and home exercises are most effective when they are tailored to the participant, requiring time and
resources from a physical therapist and other health experts [5]. Home modifications and vitamin D
supplements have shown to be as or more effective on reducing falls when compared to exercising on
higher risk populations (i.e., people with large history of falls or vitamin D deficiency). Even though
home modifications and vitamin D supplements are effective, they are more targeted to populations
who have needed an intervention for a while. Finally, medical devices (canes, walkers, wheelchairs, etc.)

improve balance significantly when users and non-users are compared [7]. However, they also create a



stigma of weakness on the users, resulting in medical device users often taking a “chance” on living
without the needed medical device [8]. Despite the variety of intervention approaches available to

reduce falls, all of them share an equal goal of improving postural stability (PS).

Humans’ PS can be defined as the integration and processing of visual, proprioceptive, vestibular and
somatosensory information, and the correct execution of a biomechanical task (e.g., standing or
walking) (Figure 1) [9]. As humans age, sensory feedback (visual, proprioceptive, vestibular and
somatosensory) decays, increasing postural instability and risk of falling [10]-[20]. Given that aging is
natural and inevitable, the body’s natural response is to compensate the loss of one feedback system, by
increasing the importance of another one. For example, if vision starts to decay on our bodies, our
natural reaction to avoid falls is to pay more attention to how we feel our surroundings via the sensory
system. However, this natural compensation proves to be insufficient when damage to the sensory
feedback or central nervous system is too large [9]. Postural instability due to insufficient compensation
occurs at high ages, as well as in the presence of neuromuscular diseases such as diabetes [21]-[23],
stroke [22], [24], vestibular deficiency [25], and Parkinson’s, or in the presence of simulated low PS [26]—

[28].
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Figure 1: Postural stability feedback loop

Postural stability in a biomechanical task can be roughly explained as the action sent to the central nervous system, which
activates the required muscles to perform such task. Throughout this process, the sensory feedback (vision, proprioceptive,



vestibular, and somatosensory) tells the central nervous system how close the body is to the desired biomechanical task, which
eventually leads the central nervous system to stop sending activation signals to the required muscles.

Assisting the natural compensation that maintains PS as humans age can be achieved by improving the
central nervous system and/or the sensory feedback. Deep brain stimulation is an example of a surgical
intervention that improves the accuracy of the central nervous system’s decision-making process [29].
Despite the positive results of central nervous system interventions, the scope of the dissertation will be
on the improvement of one form of sensory feedback. There is not a general treatment to improve all
types of sensory feedback. Vision feedback can be improved with glasses, which re-center the eyes’
focal point. Proprioceptive feedback can be improved through healthy levels of exercise, which helps
joints, muscles, tendons and/or ligaments to keep their optimal viscoelastic properties. In the case of
improving the somatosensory feedback (i.e., dissertation’s scope), the goal is to regain the ability to

sense touch stimuli that no longer are felt due to aging, neuromuscular diseases, or simulated low PS.

Stochastic Resonance

Stochastic resonance (SR) is the addition of noise to a signal that is below a threshold level so that the
signal with the noise’s assistance can cross the threshold level that it could not cross before (Figure 2)
[16]. This makes SR a strong candidate to improve the somatosensory feedback, thus improving PS [30]—
[46]. SR’s strong potential is explained by how neurons in the skin (skin’s mechanoreceptors) are
activated, as well as by the leading theory on how SR interacts with skin’s mechanoreceptors. The
somatosensory feedback in humans starts with the skin’s mechanoreceptors in a resting potential
waiting for an external input to activate them (Part 1, Figure 3). Next, (ideally) the input creates a strong
source of voltage that makes the skin’s mechanoreceptors cross the firing threshold, which initiates the
climb to an action potential (depolarization) which eventually creates sensation in humans (Part 2 and 3,
Figure 3). It must be pointed out that skin’s mechanoreceptors only get excited (i.e., produce sensation),

if the external input creates enough voltage to pass the neuron’s firing threshold (Part 2, Figure 3). After



the peak action potential is reached, the skin’s mechanoreceptors start their decay to the resting
potential (i.e., repolarization), passing first through a hyperpolarization stage (Part 4 and 5, Figure 3).
Once the skin’s mechanoreceptors are in the resting potential, they can receive a new input and start
the described process again. The leading theory on how SR interacts with the neuron activation process
is through the addition of voltage in the resting potential stage, so external inputs can receive assistance

on crossing the firing threshold and eventually create sensation in humans [10]-[28], [47]-[53].
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Figure 2: Stochastic resonance graphical description

Stochastic resonance (SR) is the addition of noise to a signal that is below a threshold level so that the signal with the noise’s
assistance can cross the threshold level that it could not cross before.
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Figure 3: Neuron activation process

The natural state of a neuron in the skin is the resting potential, and the neuron will only send a signal to the brain (peak action
potential), if a touch stimulus makes the neuron cross the threshold of excitation.

SR’s assistance to the skin’s mechanoreceptors is a multidimensional phenomenon since it can be
described by its input category, magnitude, and application point (i.e., body part), as well as by the
device that hosts the SR source (Table 1). Mechanical, electrical, and magnetic inputs on human skin

increase the neuron’s voltage in its resting potential stage, so it is understandable that all methodologies



are explored by researchers. The input magnitude can be below the human’s sensing threshold
(subthreshold) or above their sensing threshold (suprathreshold). Both strategies, subthreshold [16] and
suprathreshold [54], have shown to be effective methods that increase PS, but there are no current
theories that separate how each works. A non-validated theory states that subthreshold inputs “train”
humans to improve PS, while suprathreshold inputs “alert” humans during postural instability. The
application point is decided based on the targeted skin mechanoreceptors. However, there is evidence
that SR can have a chain effect in the body, meaning that an input at the feet can affect behavior at the
hips [55]. Finally, in the case of SR at the feet, housing the SR source can be portable and always present
(e.g., shoe insole), or static (e.g., mat at home). Currently, there are supporting arguments for both
devices, and there is no evidence to rule out one and support the other. There are various acceptable
designs to introduce SR in the body with the goal to improve the somatosensory feedback in humans,

and therefore PS.

Table 1: Stochastic resonance various designs to assist the somatosensory feedback

Input Category Input’s Magnitude Application Point (F(;I-.)eetv(i)cr:y)
Mechanical [10]-[28], [47]- Subthreshold [10]-[24], Feet [10]-(28], [47]-[61], S[Z;T_I[gi;le[zléﬂ'[i?]'[gi'
[63] [26]-(28], [47]-[53], [64], [63], [64], [66], [67] (49], [51], [52], [55], [63]
(65] o
Electrical [64], [65] Leg [24], [55], [58], [64], [65] '[\gi; [[1516]]__[ [1631]]’ [[1666]]’ [[2657]]'
Suprathreshold [20], [24], . ki
Magnetic [66], [67] [25], [52], [54]-{64] Torso [62] M“;;,[{ff;;e[‘;gf ['54524]’

Subthreshold Vibratory Mat

The goal of this dissertation is to demonstrate the potential of a proactive, easy-to-use, and inexpensive
medical device that increases PS through SR at the feet. A subthreshold vibratory mat (Figure 4) was the

chosen device to explore, and its reasons are listed below.

e Mechanical vibrating components are usually cheaper when compared to magnetic sources.



e Mechanical vibrating input to humans are most likely to have fewer medical regulations when
compared to electrical or magnetic inputs.

e Despite being an unvalidated theory, subthreshold mechanical vibration in humans might have
more potential to be a daily-used proactive intervention for postural instability. For example,
one study found that suprathreshold mechanical vibrations corrected human posture; however,
they reduced human cognitive reaction time [62].

e The sole of the foot is the main source of contact between the environment and the body.
Therefore, a medical device that targets the feet’s soles could have higher chances of success
when compared to a medical device that targets other body parts.

e People over the age of 65 (targeted population due to fall risk [1]—[3]) are often more cautious
to adapt to new technologies (e.g., vibrating insoles). Therefore, a vibrating mat, which can be

seen as a bathroom scale, could have higher chances of being accepted and used.

Figure 4: New vibratory mat (schematic and manufactured)

Vibratory mat controlled by custom-built Arduino code that uses validated white, pink, and brown inputs for each of the offered
motors. Four sets of motors (307-105, 310-003, 306-10H and 307-103 from Precision Microdrives, UK) are embedded in a 10-
mm think Shore A50 silicone, and each set of motors accommodate multiple shoe sizes by offering three ranges of shoe sizes.

Finally, the mat directs participants to follow a standardized stance. Further details in Chapter 3 of this dissertation.

Since a new vibratory mat that introduces SR is proposed, its design and manufacturing must be

justified, its outputs must be validated, and its effect on PS needs to be compared with current vibratory



devices. That is why the next three sections (Design, Vibrating Output, and Performance Assessment on
Postural Stability) describe the relevant publications for the mentioned three stages of the dissertation
(Design, Validation and Performance of a new vibratory mat). The Design section covers the vibratory
devices that have been manufactured when investigators wanted to introduce SR at the feet, as well as
the design requirements that justified the investigators’ manufacturing process. The Vibrating Output
section covers the features that make an output valid among the investigators that study vibratory
devices, and it compares these features with the expectations and requirements held by the larger
research community (i.e., human biomechanics and neurophysiology). Finally, the Performance
Assessment of Postural Stability section describes the latest reported effects when people are

introduced with SR through vibration at the feet, and how these effects have been analyzed.

Design

This section shows the current and accepted design requirements for vibratory devices, and how the
current devices meet them. Finally, the section proposes new design requirements that have not been
considered by previous investigators.

Current Design Requirements and Suggestions

Despite the large number of research studies on SR through vibratory mats or insoles, and their effect
on human PS [10]-[28], [47]-[61], [63], only two peer-reviewed papers have detailed the design of the
vibratory device [68], [69]. While most of the research studies mention the vibrating device’s features
(motors’ choice and location, insole’s/mat’s material and thickness, etc.), the design papers [68], [69]
mention their device’s features as well as their justifications. Both design papers involve vibratory
insoles as opposed to a vibratory mat (i.e., dissertation’s choice); however, features from vibratory
insoles are applicable to a vibratory mat, and vice versa, as long as the thickness of both devices is less
than or equal to 16 mm [68]. Both design papers agree on their design requirements and suggestions,

and they are listed below.
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1. Motor Selection: The vibrating component should not exceed a thickness of 16 mm, since large
thicknesses (16 to 27 mm) could be associated with balance deficiencies [68]. Examples of
possible vibrating components (indenters, eccentric rotating mass motors, or piezo-electric
actuators) are: C1026B200F (KOTL, Jinlong Machinery, China) [68], [69], C-2 Tactors (Engineering
Acoustics, FL) [68], B5A-11W [68], P-289 (PI, MA) [68], APA400M (Cedrat Technologies, France)
[68], and VBW32 (Tactaid, China) [68].

2. Motor Location: The vibrating components should be under the most crucial mechanoreceptors
[68], [69], therefore it is suggested to have the vibrating components at the heel, big toe, first
and fifth metatarsal.

3. Power Generator: The power generator should be able to move all the vibrating components in
each foot (i.e., at least one power generator per foot) [68]. Potential power generators are
commercial microcontrollers (Arduino, Raspberry Pi, etc.) powered by at least a 7-volt battery
[69].

4. Noise Generator: The amplitude and frequency of the vibrating components need to be
adjustable, so the vibrating output can be adjusted to different people’s sensing thresholds [68],
[69]. In addition, the noise generator should be able to output white noise [69], among other
types [68].

5. Material: The main body that encases the vibrating components of the device should be a hard
silicone (Shore A50, such as polyurethane and ethylene vinyl acetate), covered on top by two
thin layers. The first layer being a harder material (Shore A55, such as cork), while the second
layer being a softer one (Shore A30, such as soft leather) [68], [69]. The order of the layers from

ground up are main body (Shore A50), first layer (Shore A55), and second layer (Shore A30).

Studies that use vibratory mats or insoles to improve PS through SR [10]-[23], [25]-[28], [47]-[49], [51],

[52], [54], [55], [57]-[61], [63] (31 studies) follow most of the published design requirements and
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recommendations [68], [69] (Table 2). A description when each design requirement is observed

individually is given below.

1. Motor Selection: All thirty-one studies used either indenters, eccentric rotating mass motors, or
piezo-electric actuators. From the list of possible motors [68], only the C-2 Tactors (Engineering
Acoustics, FL) were used, and 10 studies [11]—-[15], [17], [20], [22], [51], [52] chose them as their
vibrating components. Fifteen studies [10], [16], [18], [19], [23], [25], [26], [28], [47]1-[49], [55],
[59]-[61] did not provide a detailed reference to their vibrating components, and 6 studies [21],
[27], [54], [57], [58], [63] used vibrating components not listed as possible motors [68]. In
addition, 20 studies followed the thickness suggestion (i.e., 16 mm or less) [68]. In fact, 9 studies
[10]-[14], [17], [20]-[22] stated that their vibratory mat or insoles had thicknesses equal to or
less than 16 mm, while 11 studies [15], [18], [19], [27], [28], [47]-[49], [51], [52], [63] used
commercial insoles which most likely have thicknesses less than 16 mm. Four studies [23], [26],
[55], [59] did not state the thickness of their device, and 7 studies [16], [25], [54], [57], [58], [60],
[61] (i.e., Thickness = N/A in Table 2) did not have to follow the thickness suggestion since they
used large vibratory platforms.

2. Motor Location: Only 1 study [10] followed all placement suggestions [68], [69] (heel, big toe,
first and fifth metatarsal). Twenty-five studies [11]-[15], [17]-[23], [26], [27], [47], [51], [52],
[54], [55], [57]-[61], [63] partially followed the placement suggestions by installing their
vibrating components under the heel, first and fifth metatarsals. The remaining five studies
applied vibration to the entire sole of the foot [16], just the metatarsals [25], and the medial
arch area [28], [48], [49].

3. Power Generator: Twenty-three studies [11], [16]-[20], [22], [23], [25]-[28], [47]-[49], [54],
[55], [57]-[61], [63] used a custom-built power generator, suggesting that they all performed as

required [68], [69] (i.e., at least enough power to move all motors providing vibration to the

12



foot), since the 23 studies yielded results accepted in the literature. Six studies [12]-[15], [51],
[52] used the Engineering Acoustics Controller (Engineering Acoustics, FL), while 2 studies used
commercial microcontrollers [10], [21] (Arduino Nano, Arduino, MA and USB-DAQ, National
Instruments, TX) [69].

Noise Generator: Ten studies (i.e., Noise Gen = N/A in Table 2) did not have to list their noise
generator since their vibratory components produced a sinusoidal vibration (i.e., voltage was
constant) [25], [52], [54], [55], [57]-[61], [63]. The remaining studies (21) used noise generators
that produced white (random) noises, and they were divided into 9 studies [16], [18], [19], [23],
[26]-[28], [48], [49] that used a custom-built noise generator, 4 studies [11], [17], [20], [22] that
used an ISD2560 Chip (Winbound Electronics, Taiwan), 5 studies [12]-[15], [51] that used the
Engineering Acoustics Controller (Engineering Acoustics, FL), 2 studies [10], [47] that used
MATLAB (MathWorks, MA), and 1 study [21] that used LabVIEW (National Instruments, TX). All
noise generators were adjustable and produced white noise [68], [69]; however, none of the
noise generators claimed to yield other types of noise [68].

Material: Ignoring the 7 studies [16], [25], [54], [57], [58], [60], [61] that used large platforms
(i.e., Thickness = N/A in Table 2), 21 studies [10]-[15], [17]-[22], [26]-[28], [47]-[49], [51], [52],
[63] followed the material suggestions [68], [69] (i.e., Shore A50, Shore A55, or commercial

insoles), and 3 studies [23], [55], [59] did not state their encapsulating material.
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Table 2: Design specifications of existing vibratory mat and insoles

Reference(s) Motor Motor Thickness Motor Power Noise Material
Type Reference Location Generator Generator

[54[]éé?7]’ Indenter 201 N/A Heel + Meta Custom-built N/A Metal
[25] Indenter Undefined N/A Meta Custom-built N/A Metal
[16] Indenter Undefined N/A Entire sole Custom-built Custom-built Metal

[55], [59] ECR Undefined Undefined Heel + Meta Custom-built N/A Undefined

[[12%)]]’ [[1272]]’ Indenter C-2 Tactor 16 mm Heel + Meta Custom-built I1SD2560 Shore A50
[63] ECR 2890W11 Commercial Heel + Meta Custom-built N/A Commercial
[21] Piezo EPZ35-MS29 6 mm Heel + Meta USB-DAQ LabVIEW Shore A55

[15], [51] Indenter C-2 Tactor Commercial Heel + Meta EA Controller | EA Controller | Commercial

[18], [19] ECR Undefined Commercial Heel + Meta Custom-built Custom-built | Commercial
[47] ECR Undefined Commercial Heel + Meta Custom-built MATLAB Commercial

[12]-[14] Indenter C-2 Tactor 16 mm Heel + Meta EA Controller | EA Controller Shore A50

[28[11"5[;]18]’ Piezo Undefined Commercial Medial Arch Custom-built Custom-built Shore A50
[52] Indenter C-2 Tactor Commercial Heel + Meta EA Controller N/A Commercial
[10] ECR Undefined 16 mm Heel+Meta |\ inoNano |  MATLAB Shore A55

+ Big Toe

[60], [61] ECR Undefined N/A Heel + Meta Custom-built N/A Undefined
[23] ECR Undefined Undefined Heel + Meta Custom-built Custom-built Undefined
[26] ECR Undefined Undefined Heel + Meta Custom-built Custom-built Shore A50
[27] Piezo 20-2225 Commercial Heel + Meta Custom-built Custom-built | Commercial

Abbreviations: ECR = Eccentric Rotating Mass, 201 = 201 (Ling Dynamic Systems), C-2 Tactor = C-2 Tactor
(Engineering Acoustics, FL), 2890W11 = Optec 2890W11 (Optec, Japan), 20-2225 = Disc Benders-
Bimorphs 20-2225 (APC, PA), Commercial = Commercial Insole, Meta = Metatarsals, USB-DAQ =
USB-DAQ (National Instruments, TX), EA Controller = Engineering Acoustics Controller (Engineering
Acoustics, FL), Arduino Nano = Arduino Nano (Arduino, MA), ISD2560 = ISD2560 (Winbound
Electronics, Taiwan), LabVIEW = LabVIEW (National Instruments, TX), MATLAB = MATLAB
(MathWorks, MA).

When the design specifications [68], [69] are observed as a group (i.e., complete vibratory design), the

three most used designs for a vibratory mat or insole are described below.

e Design 1: 16-mm insoles made from Shore A50 silicone with C-2 Tactors (Engineering Acoustics,

FL) under the heel, first and fifth metatarsal powered and controlled by a custom-built power

generator and an ISD2560 (Winbound Electronics, Taiwan) noise generator [11], [17], [20], [22].
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e Design 2: 16-mm insoles made from Shore A50 silicone with C-2 Tactors (Engineering Acoustics,
FL) under the heel, first and fifth metatarsal powered and controlled by the Engineering
Acoustics Controller (Engineering Acoustics, FL) [12]-[14].

e Design 3: Insoles made from Shore A50 silicone with piezo-electric actuators under the medial

arch powered and controlled by a custom-built power and noise generators [28], [48], [49].

Given the accepted design requirements [68], [69], designs 1 and 2 meet almost all requirements, while
design 3 does not meet the Motor Location requirement. Design 3 placed their vibrating components at
the medial arch of the foot, when it is recommended to place the vibrating components at the heel, big
toe first and fifth metatarsal. Designs 1 and 2 meet all requirements except for placing a vibrating
component under the big toe.

Proposed Design Requirements and Suggestions

The accepted design specifications and requirements [68], [69] allow the development of vibratory mats
or insoles that can improve PS through SR; however, it is proposed by this dissertation that additional
design specifications and requirements are needed to assure that vibratory devices are used by the
targeted population [1]-[3]. The suggested design specifications and requirements, as well as their

justifications are described under.

1. Multiple Shoe Sizes: People over the age of 65 have different shoe sizes, and they differ based
on gender. In a study of 158 men and 154 women (most over the age of 65), it was found that
men’s US shoe sizes range from 8.5 to 15, while women’s US shoe sizes range from 4.5 to 13
[70]; both ranges following Gaussian distributions. Given that there is not a narrow distribution
for men’s and women’s US shoe sizes, the vibratory mat or insoles must accommodate for this

variability and place their vibrating components at the heel and metatarsals of multiple US shoe
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sizes. Misplacing the vibrating components under the foot sole could impact the sensing
threshold [71], [72], or the targeted mechanoreceptors (heel and metatarsals) [73].

Multiple Motors: Human sensation threshold changes with age [74], body temperature [75],
contact area [76], among other factors, making the sensing threshold non-constant. Therefore,
it is suggested for the vibratory mat or insoles to have multiple motors that cover different
ranges of amplitude and frequency. Frequencies between 200 Hz and 300 Hz are preferable
since they cover the Pacinian Corpuscles (Fast Adapting Type Il), which are the skin
mechanoreceptors that should be targeted by vibratory devices that introduce SR [71]-[73].
Cost: Knowing that falls increase in people over the age of 65 [1]—[3] or people with a
neuromuscular disease [21]-[28], it is required for the vibratory mat or insoles to be marketed
at a cost that the public can afford. As a reference (November 2020), current vibratory insoles

(e.g., Vibratothics https://www.vibrathotics.com/) cost around $100, whole-body vibrating

equipment (e.g., LifePro Turbo 3D https://lifeprofitness.com/) costs around $300, and physical

therapy equipment that enhances PS (e.g., Korebalance 19

https://www.korebalance.com/index.htm) costs around $16,000. It is suggested for the final

vibratory device to not exceed the cost of a whole-body vibrating equipment, since there is
evidence that people feel comfortable spending that sum of money to improve their PS.

Robust Sensing Threshold: Given the natural variability in human sensation threshold [74]-[76],
and the difference between suprathreshold [54], [57], [58] and subthreshold studies [16], [17],
[22], a robust method to find people’s sensing threshold must be part of the vibratory mat or
insoles [77]. Not having a clear differentiation between subthreshold and suprathreshold
vibration could impact PS in unexpected ways [20], [52].

Robust Manufacturing: Unless a patent is under application, the manufacturing process (beyond

the list of materials) for vibratory mats or insoles should be complete and reproducible. This
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allows other studies to fabricate existing vibratory mats or insoles, replicate results and analyze

aspects that have not been considered.

Vibrating Output

This section explains the dimensions used in SR studies to describe their vibratory outputs, as well as
states the limitations on the outputs’ units and validity. Finally, the section describes the data

manipulation required to study these dimensions on any vibratory output.

Studies that assess the effect of SR through foot-sole vibration on human PS [10]-[28], [47]-[61], [63]
define their vibrating outputs based on their magnitude and type (Table 3). Regarding the vibrating
output’s magnitude, 9 studies (out of 35) [24], [25], [52], [54]-[59] use indentation depth and frequency
(i.e., universal units). Out of these 9 studies, 6 studies [25], [54], [56]-[59] go further by specifying the
indenter’s contact area, which affects human sensing threshold [76]. Also, from the same 9 studies, 4
studies [54], [56]—-[58] define their vibratory system. A vibratory system is Defined if the vibrating motor
reference, mat/insole thickness, motor location, and mat/insole material are given in Table 2. Besides
these 9 studies (i.e., 26 studies), 21 studies [10]-[23], [26]—[28], [47]-[49], [51] express their vibrating
output’s magnitude as a percentage of the participant’s sensing threshold, while 5 studies [50], [53],
[60], [61], [63] express their vibrating output’s magnitude as a voltage or power level relative to their
vibratory system. From these 26 studies whose vibrating output’s magnitude is either a percent of the
participant’s threshold or a power level of their equipment, 9 studies [11]-[14], [17], [20]-[22], [53]
define their vibratory system. Regarding the vibrating output’s type, 19 studies [10]-[18], [20]-[23],
[26], [28], [47]-[49], [51] use white noise (random noise) as the plantar vibratory stimulus, 15 studies
[24], [25], [27], [50], [52]-[61], [63] use a constant power level yielding a sinusoidal vibratory output,
and 1 study [19] does not express their output’s type. Even though it seems that most studies
objectively express their vibrating outputs, it is suggested by this dissertation that there are two

unresolved issues: 1) the vibrating outputs’ magnitudes do not use universal units, and 2) the vibrating
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output’s types have not been assessed to determine if they are constant (i.e., sinusoidal) or white. Each

unresolved issue will be further described by the following two sections.

Table 3: Vibratory outputs' magnitude and type characterization

Defined Vibratory . . Output's
Reference(s) System? Output's Magnitude Type
[10], [15], [16], [18], [23], . Percent of sensing _
[26], [28], [47]-[49], [51] Undefined threshold White
. Percent of sensing .
[11]-[14], [17], [20]-[22] Defined threshold White
[54], [56]~[58] Defined Indentation depth, | (il
Frequency, Contact area
[50], [60], [61], [63] Undefined Constant and set voltage | Sinusoidal
[24], [52], [55] Undefined Indentation depth, and | ;1 (i
Frequency
[25], [59] Undefined Indentation depth, Sinusoidal
Frequency, Contact area
[53] Defined Constant and set voltage | Sinusoidal
[19] Undefined Percent of sensing Undefined
threshold
[27] Undefined Percent of sensing Sinusoidal
threshold

Note: A study is labeled as a Defined system if the vibrating motor reference, mat/insole thickness, motor location,
and mat/insole material is given in Table 2. Otherwise, the vibratory system is labeled as an Undefined
system.

Use of Universal Units for Vibrating Outputs

Using universal units to quantify the magnitude of any vibrating output allows comparison among
multiple researchers and aligns with practices from neurophysiology studies on human sensing
threshold. Neurophysiology studies had been and are using universal units to quantify their system
outputs’ magnitudes when measuring human sensing threshold. SR studies on PS that do not use
universal units [10]-[23], [26]-[28], [47]—-[51], [55], [60], [61], [63] require new researchers to
manufacture previous studies’ vibratory systems if it is desired to compare vibrating outputs and
participants’ sensing thresholds. Given that outputs’ magnitudes quantified without universal units are
measured in reference to the vibratory system (i.e., percent of sensing threshold or power level), the
only way for new researchers to compare results with previous studies that do not use universal units is
by having the same vibratory system. To date, it is only possible to do this with 9 out of 26 studies [11]-

[14], [17], [20]-[22], [53], since only 9 studies define their vibratory system’s design. On the other hand,
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if a future researcher wants to compare vibrating outputs and sensing thresholds with studies that use
universal units [24], [25], [52], [54]-[59] (i.e., indentation depth, frequency, and/or contact area), new
researchers can build their vibratory system either using existing designs [54], [56]-[58], or their own as
other studies have done [24], [25], [52], [55], [59]. In addition, PS enhancement through SR studies that
do not use universal units [10]-[23], [26]—-[28], [47]-[51], [55], [60], [61], [63] miss a possible connection
with neurophysiology studies on human sensing threshold [71]-[76], [78]. Even though both fields of
study have different goals; effect of SR through feet vibration on PS [10]-[28], [47]—-[61], [63], and
understanding of the afferent/efferent neural system through human sensation [71]-[76], [78], both
fields of study measure human sensing threshold (i.e., share a step on their methodology). If both fields
of study (SR on human PS and neurophysiology) were to use universal units (distance, frequency,
contact area, force, etc.) to quantify the stimulus given to humans, it would be possible to relate both
fields’ results and discoveries.

Validating the Vibrating Output’s Type

Verifying the vibrating output’s type removes the assumption, whatever is input to the vibrating
component, is output by the vibrating component, as well as yields good practices knowing the
sensitivity of human PS towards different noise types. A vibrating component (e.g., eccentric rotating
mass motor) is a complex electro-mechanical system that when modeled requires at least a resistor, an
inductor, a conversion factor from electrical to mechanical energy, a mass moment of inertia, a friction
coefficient and a damping coefficient. This complexity increases when the vibrating component is
embedded in a mat or insole due to the insolation provided by the embedding material, proximity to
other vibrating components and the participant’s weight compressing it. Even though it is possible to
design controllers that allow researchers to use the assumption, whatever is input to the vibrating
component, is output by the vibrating component, it is reasonable to verify the vibrating output’s type

since human PS is sensitive towards different noise types. A time series’ (e.g., vibrating output, Figure 5
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Middle Row) type is defined by the slope of the linear fit on the log-log plot (a), resultant of a Detrended
Fluctuation Analysis (DFA) (Figure 5 Bottom Row) [79]. Time series (e.g., vibrating outputs) with a’s
equal to 0.5, 1.0, and 1.5 are referred to respectively as white, pink and brown noises [80]. The quality
of ais described by the R? extracted from the linear fit, meaning that R? values close to 1 correspond to
reliable a’s. With that said, a hearing study found that different types (i.e., white, pink or brown) of
tempo-audio outputs given to a human while walking affected their gait variability differently [81],
suggesting that special attention should be given to the outputs’ types given to humans in PS studies.
More specifically, a SR study on PS through feet vibration mentioned the importance and potential of
multiple types of vibrating outputs given to humans [82]. Using DFA on sway Center of Pressure (COP)
time series from [17], it was suggested that vibratory insoles or mats should be able to output multiple
types of vibration (white, pink or brown) because there is evidence that one noise type may not improve
all participants’ PS [82]. Previous studies have either used white noise [10]—-[18], [20]-[23], [26], [28],
[47]1-[49], [51] or sinusoidal [24], [25], [27], [50], [52]-[61], [63] vibrating outputs, ignoring previous
design recommendations [68], conclusions [15], [81], [82] and the importance of complexity and
predictability in human PS [11], [81], [82]. Therefore, it is evident that there is a need to verify vibrating
outputs and open the possibility to other noise types besides white and sinusoidal (e.g., pink and

brown).
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Figure 5: Different types of vibrating data in their simulated-raw, rectified and DFA forms

(Top Row) Simulated raw vibratory outputs for a constant, white, pink, and brown (left to right) vibration. Only 1 second of the
time series is displayed; however, the time series is 30 seconds long. (Middle Row) Rectified time series obtained by extracting
the Root-Mean-Square every 0.1 seconds from the raw vibratory outputs. (Bottom Row) Log-log plot and linear fits from a
Detrended Fluctuation Analysis on the rectified time series.

Determining the Magnitude and Type of a Vibrating Output

Currently, there is not a standard method to test vibratory devices; however, there are three common

testing set-ups. Each offers advantages and disadvantages when compared to each other.

e Hanging Test: With a vibrating component and an accelerometer clamped to a hanging platform,
the vibrations are recorded through the accelerometer (Figure 6 Left). This low-cost testing set-
up offers a fast and easy observation of the vibrating component because it does not require a
human or a complete vibratory device. In addition, this testing set-up offers a detailed

observation of the vibrating component’s vibrations because an accelerometer with a low range
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and high resolution can be chosen. However, this testing set-up does not reflect the
environment of a plantar vibrotactile study. A participant would normally stand on the vibratory
mat or insole that encases the vibrating component(s), which almost completely removes the
motion of the vibrating component (i.e., the vibratory mat or insole will not move as the
hanging platform minimally does in a hanging test).

Static Test: A force plate records the ground reaction forces and moments of a manufactured
vibratory mat or insole that has a known and static weight on it (e.g., cinder blocks) (Figure 6
Center). The static test offers the non-human feature that the hanging test offers; however, the
static test’s cost is significantly higher when compared to the hanging test. A force plate costs
more than an accelerometer, and the static test requires a manufactured vibratory system. The
static test offers a stronger connection between the testing set-up and the environment of a
plantar vibrotactile study when compared to the hanging test. However, the accuracy of the
static test can be compromised when compared to the hanging test. Force plates are normally
manufactured with the intention of testing humans, offering large output ranges (e.g., 0 to
5,000 N). It is common for sensors with large output ranges (i.e., force plates) to have lower
sensitivity than sensors with small output ranges (i.e., accelerometers). For example, a 16-bit
data acquisition system reads 26 = 65,536 values between 0 and 5,000 N for a force plate, and
the same number of values between -3 g and 3 g for an accelerometer. This means that the
average sensitivities for the force plate and accelerometer are respectively 0.0763 N/bit and
4.58 x 10° g/bit.

Dynamic Test: A force plate records the ground reaction forces and moments of a manufactured
vibratory mat or insole while a human stands on it (Figure 6 Right). The dynamic test being the
most complex and expensive of all, offers the most realistic environment (i.e., it is the actual

plantar vibrotactile study). The vibrating output is separated from human sway by filtering the
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recorded time series with a high- or band-pass filter that has a low cut-off frequency above the
maximum frequency found in human sway [21], [27], [49], [55]. Finally, the dynamic and static
tests share the sensitivity limitation described for the static test; however, the dynamic test
requires more intense data manipulation when compared to the static test. It is easier to

remove a static load from a time series, than removing a human’s sway from a time series.

Figure 6: Testing set-ups to record vibrating outputs

(Left) Hanging Test: A vibrating component is clamped to a hanging platform that free to move, and vibrations are recorded by
an accelerometer that is attached to the handing platform. (Middle) Static Test: Static weights are placed on a manufactured
vibratory device, and the forces exerted by the embedded motors are recorded by a force plate located under the vibratory
device. (Right) Dynamic Test: A human is placed on a manufactured vibratory device, and the forces exerted by the embedded
motors are recorded by a force plate located under the vibratory device. Filtering techniques are needed to separate human
sway from the forces exerted by the motors.

Beyond the testing set-up, determining the magnitude and type of a vibrating output requires the
rectification of its raw data, which is comprised of oscillations (Figure 5 Top Row and Figure 7 Left).
Before rectifying the raw vibrating data, the raw data need to be band-pass or high-pass filtered using
low and high cut-off frequencies that capture the vibration, and no other phenomena such as human

sway or a static load [21], [27], [49], [55]. Rectifying the raw vibrating data are needed, otherwise
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magnitude and DFA calculations would yield zero or inconclusive results. The average and linear fit of an
oscillatory signal are respectively 0 and a line with a 0 slope. Raw vibrating data (Figure 7 Left) are also
rectified due to its similarity to raw muscle activity data (Figure 7 Right). The rectification process
intended for raw electromyography (EMG) muscle activity data [83] is applied on raw vibrating data with
a time-window equivalent to the frequency at which new power levels are sent to the vibrating
component. This transforms raw vibrating data (Figure 5 Top Row) into rectified vibrating data (Figure 5

Middle Row), which can be used to determine magnitude and type (Figure 5 Middle and Bottom Rows).

02
0
01 ]
02 -
0 20 40 60 80 100
Time [s]

Figure 7: Example of raw vibrating output and raw muscle activity data [83]

Signal [V]

Vibration data acquired from a hanging test trial (left), and electromyography data (right) from previous study [83]. Both time
series rapidly oscillate around a constant stationary average, and both need to be rectified before their magnitudes are
analyzed.

Performance Assessment on Postural Stability

This section initially states the overall methodology of all SR studies that involve vibration at the feet,
followed by the overall methodology needed to study the vibratory mat developed in this dissertation.
In addition, the section explains the PS metrics used to quantify the effect of SR through vibration under

the feet, as well as the statistical analysis that has been done to draw conclusions.

The effect of SR through feet vibration on human PS can be assessed in multiple types of studies that
differ on the vibrating output’s magnitude given to the participant, the stage at which human PS is
assessed, and the biomechanical task chosen to assess PS. The vibrating output can be subthreshold
[10]-[24], [26]-[28], [47]-[49], [51]-[53], or suprathreshold [20], [24], [25], [50], [52], [54]-[61], [63],
and its effect on human PS can be assessed while the vibration is given to the participant [10]-[17],

[20]-[22], [25]-[28], [47]-[55], [57]-[59], [63], immediately-after the vibration [18], [19], [23], [47], [56],
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[60], [61], or minutes/days after the vibration was or had been provided [23], [24]. Human PS is needed
in everyday life, meaning that it applies to when humans stand, walk, sit down, stand up, etc. That is
why SR studies that assess PS have used the body’s center of mass (COM) [11], [16], [17], [20], [22], [47],
[55], COP [10], [12]-[14], [18], [19], [21], [23]-[27], [47]-[50], [54]-[59], [61], and lower-leg muscles
EMG [26], [58] while humans stand, as well as humans’ gait [15], [24], [48], [51]-[53], [63]. In addition,
all the listed types of studies can be done on different populations such as healthy people in general
(Mean Age > 18 years) [11], [16], [17], [20], [52], healthy adults (18 years < Mean Age < 50 years) [26]-
[28], [47], [53]-[55], [57]-[59], healthy older adults (Mean Age > 50 years) [14], [15], [18], [19], [48]-
[51], [63], people with somatosensory deficiency at the feet [56], diabetes [22], stroke [22] or
Parkinson’s disease [63], as well as healthy young adults under challenging stances [20], [27], [47],
fatigue [27], [28], or cold feet [10], [26] that could simulate aging or a neuromuscular disease (i.e., low

PS).

The study to assess the dissertation’s vibratory mat must consist of a subthreshold vibrating output,
where participants’ sway COP is recorded and analyzed before, during and immediately after the
vibration is administered. Given that suprathreshold vibrations on humans can reduce cognitive reaction
time [62] or produce unexpected reductions on PS [20], [52], it is preferred to assess the vibratory mat
as its intended use (i.e., subthreshold). It is not a proven theory; however, SR through subthreshold
vibrations might be better for everyday use, since it is believed to train the body to naturally produce
better PS, instead of alarming the body, as suprathreshold vibration does during low PS stages [62]. In
addition, despite the number of studies and targeted populations that use SR with subthreshold
vibration [10]-[14], [16]-[24], [26]-[28], [47]-[49], its effect on PS is still unclear. This suggests that
studies that observe how subthreshold vibration affects people’s sway during and immediately after the
stimulation should take priority. This does not suggest that retention or longitudinal studies are not

needed, since these studies [23], [24] and similar ones (whole-body vibration) [84]—[86] have yielded
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promising results. Instead, it suggests that they could be improved if the immediate effect of SR is better
understood. Finally, since the immediate effect of subthreshold vibration is the priority of this study and
a vibratory mat is the device of choice, sway over gait makes more sense as the chosen biomechanical
task (i.e., it is not possible to test gait while the participant stands on the vibratory mat). In fact, sway
COP will be used over sway COM, since there is an upcoming trend of using sway COP over sway COM in

the literature (later explained in Table 4).

Previous non-retention or non-longitudinal sway studies on SR through subthreshold vibration have
used either constant or white noise stimulations (Figure 5: Middle row, first two from left to right), and
assessed how the participants” COP or COM changed with respect to a control [10]-[12], [14], [16]-[23],
[26], [27], [47]-[49]. Using only constant or white vibrations ignores previous design recommendations
[68], conclusions [15], [81], [82] and the importance of complexity and predictability in human PS [11],
[81], [82]. It is known that healthy humans and other biological systems behave as pink noise; therefore,
it is understandable to test whether humans benefit more from a signal that is more natural to them
(i.e., Pink, Figure 5: Middle row, third from left to right), or from another signals besides white (e.g.,
Brown, Figure 5: Middle row, forth from left to right) [82]. However, previous studies have not ignored
human predictability and complexity when assessing how people’s COP or COM changes in the Anterior-
Posterior (AP), Medial-Lateral (ML), or Planar directions. Besides assessing how much in magnitude [14],
[16], [17], [20]-[22], [26], [27], [47], [48] COP or COM changes due to SR, observing how the COP or
COM changes in terms of predictability and complexity [11], [17]-[20], [22], [27], [47], [49] has also been
done. The magnitude of a COP or COM signal can be measured through average, standard deviation,
curve length, Root Mean Square (RMS), swept area, range, among others in the AP, ML, or planar
directions. Predictability can be measured through entropy calculations, such as Approximate Entropy
(AppEn) [87] and Sample Entropy (SampEn) [88] in the AP, ML and planar directions. Both algorithms

(AppEn and SampEn) show that a time series is predictable when their values are close to 0, or
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unpredictable when their values are large. Complexity can be measured by the slope of the linear fit on
the log-log plot (a), resultant of a Detrended Fluctuation Analysis (DFA) [79] in all directions (AP, ML and
planar). A white signal (a = 0.5) is interpreted as stationary and anti-persistent signal, a brown signal (a =
1.5) as non-stationary and persistent signal, and a pink signal (a = 1.0) as the mid-point between a white
and brown signal [80]. Other accepted methods to measure complexity in all directions are Multiscale
Entropy and Stabilogram Diffusion Analysis (SDA). Multiscale Entropy consists of calculating either
AppEn or SampEn over the time series’ multiple scales, plotting all entropy values vs. the number of
scales [89], and determining the area under the curve (Complexity Index) [90]. A scale represents the
number of consecutive values averaged in the time series [89]. SDA’s calculations are similar to the
DFA’s ones [91], and it has been shown that DFA covers most of the results of SDA [92], making DFA

more common among today’s researchers.

Non-retention or non-longitudinal COP or COM sway studies on SR through subthreshold vibration [10]-
[12], [14], [16]-[23], [26], [27], [47]-[49] differ in the groups they analyze, when they analyze PS, and
which measures they extract from the participants’ COP or COM time series (Table 4). However, it is
possible to see conclusive trends among all the studies. Most of the studies (10 out of 17) [11], [16],
[17], [20]-[23], [47]-[49] ask their participants to stand with their eyes closed, and out of the 7 studies
that let their participants keep their eyes open [12], [14], [18], [19], [26], [27], 4 of them [18], [19], [26],
[27] reduced their participants’ PS through challenging stances, foam under their feet, cold
temperatures at the feet or fatigue. This suggests that low levels of PS are needed to observe changes in
sway due to SR through subthreshold vibration. Even though the needed low levels of PS might be seen
as a negative feature of SR studies (i.e., SR only works in simulated low PS situations), it needs to be
pointed out that most of the studies (12 out of 17) involve healthy populations [10]-[12], [14], [16], [17],
[20], [26], [27], [47]-[49], which are not the intended users of a vibratory mat. In fact, SR studies on

persons with neuromuscular diseases have observed positive results towards subthreshold vibration
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without the need of asking participants to close their eyes or perform actions that reduce their PS [18],
[19], [21]-[23]. Also, most of the simulated low PS situations (3 out of 4 studies) are in healthy young
populations [20], [26], [27], since studies with healthy young populations that do not challenge their PS
have a hard time finding significant results towards SR through subthreshold vibration. This shows that a
balanced and stable biomechanical system does not get more stable because of an external assist. In
other words, someone without a headache does not get a clearer head because they take ibuprofen or
acetaminophen. Finally, a common trend on SR studies through subthreshold vibration is that

researchers are moving away from body’s COM time series and using COP time series.

However, to better understand the effect of SR through subthreshold vibration, studies that observe the
effect of vibration while participants stand with respect to no vibration (i.e., During and Pre in Table 4)
should be separated from studies that assess how sway changes after a vibration has been provided

with respect to how people’s sway was before the vibration (i.e., Post and Pre in Table 4).
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Table 4: Significant results from subthreshold SR studies assessed through COP or COM

Year Vibration Sway Time L
& Ref. Group Stages Series Extracted and Significant Measures
2002 HO, HY During, Pre COM Mean Radius (Vib), Max Radius, Swept Area (Vib), AP Range (Vib), ML
[16] Range, SDA
2003 . Mean Radius (Vib), Max Radius (Vib), Swept Area (Vib), AP Range (Vib),
[17] HO, HY During, Pre coMm ML Range (Vib & Group), SDA (Vib & Group)
2006 . Mean Radius (Vib), Max Radius (Vib), Swept Area (Vib), AP Range (Vib),
[22) | "O-D.S | During Pre | = COM ML Range (Vib), SDA (Vib & Group)
2007 . AP Multiscale SampEn(m=2, r=0.15) (Vib & Group), ML Multiscale
[11] HO, HY During, Pre coM SampEn(m=2, r=0.15) (Vib & Group)
2008 . Curve Length, AP RMS (Vib & Group with cognitive task and eyes
[21] HO, D During, Pre cop closed), ML RMS
2011 . S .
[20] HO, HY During, Pre com SDA (Vib with semi-tandem stance)
2012 .
(18] HY, OF Post, Pre cop AP DFA(Nmin=5, Nmax=N/4) (Vib & Group), ML DFA(Nmin=5, Nmax=N/4)
2012 OF Post, Pre cop AP Multiscale SampEn, ML Multiscale Se_1mpEn, Multivariate Multiscale
[19] SampEn (Vib)
5014 Post Swept Area (Vib with foam under feet and eyes closed), AP RMS (Vib
HY RO COM, COoP with foam under feet and eyes closed), ML RMS, AP AppEn, ML AppEn
[47] During, Pre L
(Vib with foam under feet and eyes closed)
2[2‘1‘;5 HO, HY During, Pre cop AP Curve Length (Vib), AP AppEn
2015 . - -
(48] HO During, Pre cop Swept Area (Vib), AP Average, ML Average (Vib)
2016 . AP RMS, AP AppEn(m=2, r=0.2), AP Curve Length, ML Curve Length, AP
[12] HO, HY During, Pre cop Absolute Max, ML Absolute Max
2016 . AP Multiscale SampEn(m=2, r=0.15), ML Multiscale SampEn(m=2,
[49] HO During, Pre cop r=0.15) (Vib), Swept Area
2018 .
[10] HO, HY During, Pre COoP Non-COP or -COM measures
2019
(23] D Post, Pre cop Swept Area, AP Average, ML Average
2020 . COP, Lower cop Sw.ept :Area (Vib with colfl feet and single stance), C_OP C_urve
HY During, Pre Length (Vib with cold feet and single stance), EMG RMS (Vib with cold
[26] Leg EMG N
feet and single stance)
2020 HY Post, Pre cop DFA(Nmin=5, nmax:N/.4) (\{Ib Wlt.h fatigue a.md single stance), Swept Area
[27] (Vib with fatigue and single stance)

Note: Measures with bolded text in parenthesis correspond to significant results, and the listed factors in the
parenthesis create a statistical significance in a comparison.
Abbreviations: HO = Healthy Old; HY = Healthy Young; D = Diabetic; S = Stroke; OF = Old Fallers, Vib = Vibration

Effect of Stochastic Resonance: During- vs. Pre-Vibration

SR studies focused on how people’s sway (i.e., COM or COP) is affected while their feet receive a

subthreshold vibration have shown that vibration reduces sway’s magnitude [14], [16], [17], [21], [26],

[47], increases predictability [47], and adds complexity [11], [17], [20], [22]. When searching for

significant differences in sway due to vibration among healthy people, it was found that vibration

reduced healthy people’s sway radius [16], [17], swept area [16], [17], range [16], [17] and curve length

29




[14]. In fact, a study showed that sway range reductions due to vibration in healthy old people were
significantly larger when compared to healthy young people [17]. Besides healthy groups, sway
magnitude reductions due to vibration were found in healthy young people with simulated low PS
(swept area [26], [47] and curve length [26]), as well as in people with diabetes (RMS [21]). In terms of
predictability, one study found that healthy young people’s sway under simulated low PS became more
predictable due to vibration (i.e., AppEn was reduced due to vibration) [47]. Finally, vibration has shown
to increase complexity (i.e., improvement of SDA’s measures) in healthy people [17], [20], as well as
have a larger improvement in healthy old people when compared to healthy young people [17], or only
occur in healthy old people (i.e., increment of multiscale SampEn) [11]. The addition of complexity (i.e.,
improvement of SDA measures) to sway due to vibration has also been found in diabetic [22] and stroke
patients [22].

Effect of Stochastic Resonance: Post- vs. Pre-Vibration

SR studies focused on how people’s sway (i.e., COM or COP) is affected after their feet receive a
subthreshold vibration have shown that vibration reduces sway’s magnitude [27], and adds complexity
[18], [19], [27]. Healthy subjects who went through a fatigue protocol had less sway (i.e., lower swept
area) when they have had vibration under their feet, compared to when they went through the fatigue
protocol and did not have vibration under their feet [27]. In the same study, it was found that
complexity (measured through DFA) improved when vibration was present [27]. Similar to healthy
young people under simulated low PS, old fallers improved their sway complexity due to vibration when
measured through DFA [18] and multiscale SampEn [19].

Statistical Analysis

Non-retention or non-longitudinal COP or COM sway studies on SR through subthreshold vibration [10]-
[12], [14], [16]-[23], [26], [27], [47]-[49] have used similar statistical methods that do not focus on the

initial state of people’s sway. The most common statistical analysis is a 1-Way (vibration) or 2-Way
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(vibration and participant’s group) Analysis of Variance (ANOVA), followed by multiple comparisons
(mostly Tukey). This statistical analysis allows researchers to determine if an input (e.g., vibration or
group) has a significant effect on the calculated sway measures. However, the described statistical
analysis does not focus on how the subject’s sway was at the start of the study, or how much sway
changes with respect to the sway’s initial state. A study that did DFA on a group of people who received
the same type of vibration (i.e., white) found that part of the group benefited from the vibration, while
others did not [82]. They concluded that a vibration could or could not benefit a participant depending
on the state of the participant’s PS before treatment. That is why it was suggested for future vibratory
studies to offer different types of vibrations and/or consider the initial state of people’s PS in their
statistical analysis. The second suggestion was applied in two SR studies that assessed PS through gait
[51], [53]. Both studies found that when a linear regression analysis was done on the change due to
vibration on a gait measure (gait speed, stance time, etc.) with respect to the gait measure’s initial
value, a negative slope was obtained. This means that vibration increased certain gait measure among
their participants when that measure was below a threshold, or reduced certain gait measure when it

was above a threshold, or did not change the gait measure when it was close to a threshold [51], [53].

This concludes the Background and Literature Review needed to conduct the studies that will comprise
this dissertation. Given the information on previous vibratory devices and design requirements,
vibratory outputs and their features, and the effect of subthreshold vibration under the feet on PS, the
following chapters of the dissertation will cover the design and manufacturing (Chapter 3), validation

(Chapter 4) and performance assessment (Chapter 5) of a new vibratory mat.
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Chapter 3: Design and Manufacturing of a Vibratory Mat
Abstract

Background: Falls in adults over the age of 65 is a problem in need of solutions that becomes more
expensive as years pass. Vibratory mats or insoles that introduce stochastic resonance at the feet have
been proposed as medical devices that can improve postural stability, thus reduce falls. This study
proposed a new vibratory mat and was compared to the most-reported vibratory device using accepted

and new design requirements.

Methods: Our new vibratory mat and the most-reported vibratory device were scored on each design
requirement, and a final score was given to each device. The accepted design requirements covered the
choice and placement of the vibratory components, the power and noise generator, and the overall
material. The new design requirements assessed the adaptability to various feet sizes and sensing

thresholds, the protocol to determine sensing threshold, cost, and manufacturing.

Findings: The new vibratory mat outperformed the most-reported vibratory device in the already

accepted design requirements (8.75 vs. 6.5), and new ones (6 vs. 4).

Interpretation: The study showed that the new vibratory mat, when compared to the most-reported
vibratory device, has as much or more potential to improve postural stability through stochastic

resonance on people with high risk of falling.

Background

Falls in adults over the age of 65 is an expensive problem in need of solutions. In 2006, $19.3 billion
were used to cover injuries created by falls [1], which more than doubled by 2017 ($40 billion) [2]. On
average, it is expected for one third of adults over the age of 65 to fall at least once per year [2].
Exercising, home modifications, vitamin D supplements and medical devices are some of the proposed

strategies to reduce falls [4], [5]. Referring to medical devices, it is known that users increase their
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postural stability (PS) when compared to people who do not use their recommended assistive device
such as a cane, walker, wheel-chair, etc. [7]. However, it is also known that medical device cause users
to feel weak in their social circle, often resulting in them choosing not use their recommended medical
device [8]. PS is defined as the integration and processing of all types of sensory feedback’s information
(visual, proprioceptive, vestibular and somatosensory), and the appropriate execution of a muscular
response by the central nervous system to maintain balance [9]. That is why, PS enhancement strategies
(medical devices, surgeries, etc.) have targeted both the central nervous system [29] or a specific type of

sensory feedback.

Through stochastic resonance (SR), vibratory insoles or mats have shown to be a potential candidate to
improve the somatosensory feedback in people with low PS [16]. SR is the addition of noise to a signal
below a threshold level, so that the signal with the noise’s assistance can cross such threshold level
(Figure 2). The attenuation of somatosensory feedback due to aging or neuromuscular diseases is
reflected by people not sensing touching stimuli that they used to recognize at younger ages or prior to
the onset of negative effects of a disease. Given that sensation in humans is only achieved when
neurons at the skin cross the threshold of excitation, vibratory devices that insert SR are ideal medical

devices to improve the somatosensory feedback, leading to better PS and a reduction of falls.

—Signal Signal + Noise ---Threshold ——Above Threshold

Figure 2: Stochastic resonance graphical description

Stochastic resonance (SR) is the addition of noise to a signal that is below a threshold level so that the signal with the noise’s
assistance can cross the threshold level that it could not cross before
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Various SR studies have assessed the effect of vibration at the feet on PS [10]-[28], [47]-[61], [63];
however, only two studies have focused on the design and necessary features that any vibratory mat or
insole should have [68], [69]. The main difference between the design papers and the SR studies that
assess the effect of vibration at the feet on PS, is that the design papers go beyond listing the materials
of the vibratory device. The current design requirements and suggestions for vibratory devices are listed

below.

1. Motor Selection: The vibrating component should not exceed a thickness of 16 mm [68], and
they can be either indenters, eccentric rotating masses, or piezo-electric actuators [68], [69].

2. Motor Location: The vibrating components should be placed at the heel, big toe, first and fifth
metatarsal of each foot [68], [69].

3. Power Generator: There should not be more than one power generator per foot [68], and
possible options are commercial microcontrollers such as Arduino, Raspberry Pi, etc. [69].

4. Noise Generator: The noise generator should be adjustable to different people’s sensing
thresholds [68], [69], and they should output white noise [69], and other colors (e.g., pink or
brown) [68].

5. Material: The material that encases the vibrating components should be a hard silicone (Shore
A50). In addition, between the vibratory device and the foot, there should be two thin layers.
The one in contact with the top of vibratory device should be slightly harder (e.g., Shore A55, or

cork), and the one touching the participant’s foot should be slightly softer (e.g., soft leather).

SR studies that successfully assessed the effect of vibration at the feet on PS [10]-[23], [25]-[28], [47]-
[49], [51], [52], [54], [55], [57]-[61], [63] followed most of the current design requirements and
suggestions [68], [69]. Out of the 31 studies, all studies used an accepted type of vibrating component,

20 studies [10]-[15], [17]-[22], [27], [28], [47]-[49], [51], [52], [63] used thicknesses of 16 mm or less for
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their devices, 25 studies [11]-[15], [17]-[23], [26], [27], [47], [51], [52], [54], [55], [57]-[61], [63] placed
their vibrating components at the heel, first and fifth metatarsal, all studies had no more than 1 power
generator per foot and adjustable noise generators that could produce white noise, and finally, all
studies fabricated their devices out of hard silicone or used commercial insoles. When studying the
complete vibratory devices reported by the SR studies, common designs have been used multiple times.
The most-reported vibratory device [11]-[14], [17], [20], [22] that meets the majority of the current
design requirements [68], [69] is a 16-mm thick (or less) vibrating insole made from Shore A50 silicone
that has three C-2 Tactors (Engineering Acoustics, FL) per insole under the heel, first, and fifth
metatarsal. The vibrating components are powered and controlled by either the Engineering Acoustics
Universal Controller (Engineering Acoustics, FL) or a custom-built one. Further details on the most-

reported vibratory insoles are given in the Methods, Results and Discussion sections of this chapter.

The current design requirements and suggestions [68], [69] allow the design, development and study of
vibratory mats or insoles. However, it is proposed by this chapter that new design requirements and
suggestions (listed below) are needed to assure that vibratory mats or insoles can be used by the

intended groups on their everyday lives [1], [2], [21]-[28].

1. Multiple Shoe Sizes: Male and female people over the age of 65 wear a wide range of US shoe
sizes, creating different positions for the metatarsals with respect to the heel [70]. Sensing
threshold at the feet changes with respect to the location where the vibration is applied [71]-
[73]. Therefore, vibratory mats or insoles should accommodate for multiple shoe sizes (male and
female) to assure that the correct skin mechanoreceptors (heel, first and fifth metatarsals) are
targeted [73], and to not modify people’s sensing thresholds [71], [72].

2. Multiple Motors: Sensing threshold is sensitive to age [74], body temperature [75], contact area

[76], among other factors. Therefore, vibratory mats or insoles should have different motors
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that cover a wide range of amplitudes and frequencies. Especially motors that operate between
200 Hz and 300 Hz, since this is the frequency range where Pacinian Corpuscles (Fast Adapting
Type Il skin mechanoreceptors) respond [71]-[73]. Pacinian Corpuscles are the skin
mechanoreceptors that should be targeted by vibratory devices that introduce SR [71]-[73].

3. Cost: The cost that people over 65 [1], [2], or with a neuromuscular disease [21]-[28] are willing
to pay to improve their PS should be part of the design process. The goal of any medical device
is to be used by as many people as possible, and this is achieved by marketing the product at the
correct cost [3]. Therefore, it is suggested for vibratory insoles or mats to cost around $300,
since as of right now (November 2020), that sum of money has shown to be an appropriate cost
to improve PS (e.g., whole-body vibration equipment, or already available vibratory insoles).

4. Robust Sensing Threshold: Given that sensing threshold is non-constant [71]—-[76], and that SR
studies that administer suprathreshold vibrations [54], [57], [58] under the feet obtain
significantly different results when compared to subthreshold studies [16], [17], [22], a robust
method to determine sensing threshold is needed [77].

5. Robust Manufacturing: SR studies should document the manufacturing process of their
vibratory mats or insoles (at least on their first publication), so future SR studies can take the
current technology and address questions that were not initially considered. It is acknowledged
SR studies might not share their manufacturing process, wiring diagrams and codes since they
could be Intellectual Property owned by the institution or laboratory. However, listing only the
materials in the Methods section of a publication is not enough for future investigators to

manufacture and study a vibratory device.

A new vibratory device that we claim to meet the majority of the current [68], [69] and new design
requirements is proposed in this chapter (Figure 4). The new vibratory device isa 19.5in x 15in x 13.17

mm mat made from Shore A50 silicone that has multiple sets of eccentric rotating mass motors (307-
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105, 310-003, 306-10H and 307-103 from Precision Microdrives, UK) under the heel, first and fifth
metatarsal of multiple US shoe sizes. Each set of motors follows foot placement recommendations (i.e.,
heels 17 cm apart, and 14 degrees between the lines formed by each foot’s heel and big toe) [93], as
well as three locations for the first and fifth metatarsals to accommodate various shoe sizes (Figure 8).
The vibrating components are powered and controlled by a 5-Volt and 12-Volt external power supply,
DRV2605 Chips (Texas Instruments, TX), and custom-built Arduino UNO codes (Arduino, MA) that
include white, pink, and brown noise signals developed in MATLAB (MathWorks, MA) for each motor.
Finally, the vibratory mat uses a robust protocol to find participants’ sensing thresholds, and it consists
of an improved 421 protocol [94], [95]. The details on the new vibratory mat are developed in the
Methods, Results and Discussion sections of this chapter. Further details such as manufacturing steps,

wiring diagrams, and codes needed to operate the vibratory mat are in the Appendix of this chapter.

N

Figure 4: New vibratory mat

Vibratory mat controlled by custom-built Arduino code that uses validated white, pink, and brown inputs for each of the offered
motors. Four sets of motors (307-105, 310-003, 306-10H and 307-103 from Precision Microdrives, UK) are embedded in a 10-
mm think Shore A50 silicone, and each set of motors accommodate multiple shoe sizes by offering three ranges of shoe sizes.

Finally, the mat directs participants to follow a standardized stance.
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Figure 8: Layout of eccentric rotating motors for the new vibratory mat

Each set of motors (307-105, 310-003, 306-10H, and 307-103 from Precision Microdrives, UK) offers the Short, Middle and Long
feet sizes. Short: US men’s 7 to 8.5 and women’s 6 to 9; Middle: US men’s 9 to 10.5 and women’s 9.5 to 11.5; Long: US men’s 11
to 14 and women’s 12 to 14.

The purpose of this chapter is to accomplish a comprehensive design review on the most-reported
device and our new vibratory device in the context of the current and new design requirements. The
questions to be answered by this chapter are: 1) how do both vibratory devices (most-reported insole
and our new mat) meet the current design requirements [68], [69]? 2) How do both vibratory devices
meet the new design requirements? 3) How likely are both devices to be used by the intended groups

(1], [2], [21]-(28]?

Methods
To assess how the most-reported [11]-[14], [17], [20], [22] and new (Figure 4) vibratory devices meet

the current [68], [69] and new design requirements, one or more questions per design requirement will
be answered using each vibratory device’s design information (Table 5). Each answer will receive a score
from 0 to 1, and a final score will be given to each device which will determine how well the design

requirements are met.
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Table 5: Features and assessment questions of the most-reported and new vibratory devices

Design
Requirement

Design Requirement
Question(s)

Features of Most-reported
Vibratory Device (Insole)

Features of New Vibratory Device
(Mat)

e |s the motor’s thickness less
than 16 mm?

Is the motor an indenter,
eccentric rotating mass, or
piezo-electric actuator?

C2-Tactors (EA, FL)

e Indenter
e Thickness =7.9 mm

307-105 (PM, UK)

e Eccentric rotating mass
o Thickness =2.05 mm
310-003 (PM, UK)

e Eccentric rotating mass
e Thickness =3.4 mm

Mot?r 306-10H (PM, UK)
Selection B -
e Eccentric rotating mass
e Thickness =7 mm
307-103 (PM, UK)
e Eccentric rotating mass
o Thickness =8.7 mm
e Are the motors placed under | Heel, first and fifth metatarsals Heel, first and fifth metatarsals
Motor the heel, big toe, first and following standardized stance [93]
Location fifth metatarsal?
e How many motors can be EA Universal Controller External power supply (5V and
controlled per power (Engineering Acoustics, FL) 12V), and Arduino UNO (Arduino,
Power generator? Is this number MA)
Generator equal to or less than the
number of motors per foot?
e |s the motor’s output EA Universal Controller, TDK Arduino UNO (Arduino, MA) codes
adjustable? software and TAction software that contain white, pink, and
e Can white noise be (Engineering Acoustics, FL) brown noises developed in
Noise generated? MATLAB (MathWorks, MA)
Generator e Can non-white noises be (Chapter’s Appendix), as well as
generated? DRV2605 Chips (Texas
Instruments, TX).
e |s the material that capsules | Shore A50 Silicone with soft layer Shore A50 Silicone, with cork (i.e.,
the vibrating components a between the insole and people’s Shore A55) and soft layers
Shore A50 silicone? foot between the mat and the
e Are there two layers (i.e., participant’s feet
Material cork-like, and soft leather)
between the Shore A50
silicone and the participant’s
feet?
e Does the vibratory device Multiple insole sizes are available. | Short: US men’s shoe sizes 7 to 8.5
accommodate for multiple and women’s shoe sizes 6 to 9.
shoe sizes? Middle: US men’s shoe sizes 9 to
Multiple Shoe 10.5 and women'’s shoe sizes 9.5
Sizes to 11.5.

Long: US men’s shoe sizes 11 to 14
and women’s shoe sizes 12 to 14.
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e Do all motors in the

vibratory device cover the
frequency range that targets
Pacinian Corpuscles (200 Hz
to 300 Hz)?

C-2 Tactors (EA, FL
e 0.2mm<P2P<0.84 mm
e 150 Hz < Freq <320 Hz

307-105 (PM, UK)

e 0.075g<Acc<046¢g
e 60 Hz < Freq £290 Hz
310-003 (PM, UK)

e 0.1g<Acc<l2g

e 40 Hz < Freq £ 190 Hz

Manufacturing

Are manufacturing steps
listed?

access can be granted by
contacting researchers [20].

Multiple 306-10H (PM, UK)
Motors
e 0.1g<Acc<24g
e 60 Hz < Freq <280 Hz
307-103 (PM, UK)
e 0.1g<Acc<85¢g
e 30 Hz < Freq <260 Hz
Given the cost of the Pair of Vibrating Insoles Complete Vibratory Mat
vibratory device’s materials, | Shore A50 Silicone: $12.70 | Shore A50 Silicone: $30.96
how possible is to market Soft Layer: $1.80 | Cork Layer: $14.54
the vibratory device around Motors: $1,260.00 | Soft Layer: $3.59
$300? Controller: $3,040.00 | Motors: $461.44
Cost Total: $4,314.50 | Controller: $232.45
External Housing: $319.85
Total: $1,062.83
More detailed cost breakdown in More detailed cost breakdown in
the chapter’s Appendix the chapter’s Appendix
Is there a defined and robust | Method of levels [12]-[14], [77], Modified 421 [94], [95]
protocol to find the user’s choice through a
Robust . , . .
Sensing participant’s sensing potentiometer [11], .[1.7], [20], or
Threshold threshold? researcher cues participant on
whether they feel vibration [22].
Are the materials listed? Materials are listed. Wiring Materials are listed. Wiring
Is a wiring drawing shared? diagram or manufacturing steps diagram and manufacturing steps
Robust are not shared; however, possible | in chapter’s Appendix.

Abbreviations: EA = Engineering Acoustics; PM = Precision Microdrives; P2P = Peak-to-Peak; Freq = Frequency; Acc

Results

= Acceleration

Motor Selection: Both devices use accepted types of vibrating components whose thicknesses are less

than 16 mm. The most-reported vibratory device [11]-[14], [17], [20], [22] uses indenters (C-2 Tactors

from Engineering Acoustics, FL), while the new vibratory device uses four sets of eccentric rotating mass

motors (307-105, 310-003, 306-10H and 307-103 from Precision Microdrives, UK).

Motor Location: Both devices place their vibrating components under the heel, first and fifth metatarsal,

ignoring the suggestion of placing a fourth vibrating component under the big toe [68].
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Power Generator: The most-reported vibratory device [11]-[14], [17], [20], [22] uses the Universal

Controller (Engineering Acoustics, FL), which allows the operation of 8 Engineering Acoustics tactors
(e.g., C-2 Tactors), or no more than 4 simultaneously at full power. In the worst-case scenario (i.e.,
tactors at full power) there would be enough power to operate the 3 vibrating components in each foot,
if 2 controllers were available. If the vibrating components are not operated at full power, 1 controller
would be enough to operate the 6 vibrating components of both insoles. The new vibratory device uses
an external power supply (5V and 12V) shared by the 6 vibrating components that would be operated at
once (heel, first and fifth metatarsal per foot), and an Arduino UNO (Arduino, MA) per vibrating
component (Wiring diagram is included in this chapter’s Appendix). This configuration offers enough
power to operate 6 vibrating components simultaneously at full power for any of the four sets of

eccentric rotating mass motors (307-105, 310-003, 306-10H or 307-103 from Precision Microdrives, UK).

Noise Generator: Both vibratory devices allow for their outputs to be adjusted to the user’s sensing

thresholds. The most-reported vibratory device [11]-[14], [17], [20], [22] uses the TDK and TAction
software programs (Engineering Acoustics, FL) to control the amplitude and frequency of the vibrating
components (i.e., C-2 Tactors from Engineering Acoustics, FL). According to the Engineering Acoustics’
documentation, it is possible to build custom sequences through a graphical interface indicating the
possibility of outputting white and non-white noises. In fact, the most-reported vibratory device has
reported the use of white noise in multiple SR studies [11]-[14], [17], [20], [22]. The new vibratory
device uses Arduino UNO (Arduino, MA) codes that have prescribed white, pink, and brown noises for
each of the four sets of eccentric rotating mass motors (Chapter’s Appendix). The noises are 90-second
long, and were developed in MATLAB (MathWorks, MA). The Arduino UNO codes output the prescribed
noises through DRV2605 chips (Texas Instruments, TX), and the process used to validate the output

color for all vibrating components at multiple power levels is described in Chapter 4 of this dissertation.
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Material: Both vibratory devices follow the design recommendation of using a Shore A50 silicone as the
main material, as well as the recommendation of placing a soft layer between the vibratory device and
participant [68], [69]. However, only the new vibratory device places a cork layer between the vibratory

mat and the soft layer [68].

Multiple Shoe Sizes: The SR studies that use the most the reported vibratory device [11]-[14], [17], [20],

[22] state that participants stood on vibrating shoe insoles, inferring that the insoles follow the
participant’s shoe size. Three of these studies [12]-[14] explain that their vibratory insoles were
comprised of multiple sections allowing them to “puzzle piece” insoles together to match the shoe size
of any participant. The new vibratory device has three sizes per set of eccentric mass motors: Short,
Middle, and Long (Figure 8). The Short setting is for US men’s shoe sizes from 7 to 8.5, and women’s
shoe sizes from 6 to 9. The Middle setting is for US men’s shoe sizes from 9 to 10.5, and women’s shoe
sizes from 9.5 to 11.5. Finally, the Long setting is for US men’s shoe sizes from 11 to 14, and women’s
shoe sizes from 12 to 14. The ranges of shoe sizes for men and women in each setting were chosen
based on the shoe size distributions described in a study that analyzed the shape of multiple people’s
feet [70]. This means that the new vibratory device has 56 eccentric rotating motors, since there are 7
motors per foot (1 motor at the heel, and 3 settings of 2 motors at the 15t and 5" metatarsal), 2 feet per

set of motors, and 4 sets of motors (Figure 8).

Multiple Motors: The most-reported vibratory device [11]-[14], [17], [20], [22] offers one type of motor

(C-2 Tactors from Engineering Acoustics, FL), and this motor operates at frequencies (150 Hz to 320 Hz)
where the Pacinian Corpuscles are activated (200 Hz to 300 Hz) [71]-[73]. The new vibratory device
offers four sets of motors (307-105, 310-003, 306-10H and 307-107 from Precision Microdrives, UK) that
were selected based on their rated amplitude. An exponential increase in amplitude was intended to

cover a wide range of sensing thresholds. However, when the motors’ operating frequencies are
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observed, the motors 307-105 (60 Hz to 290 Hz), 306-10H (60 Hz to 280 Hz) and 307-103 (30 Hz to 260
Hz) are the ones that cover frequencies where Pacinian Corpuscles are activated (200 Hz to 300 Hz)

[71]-[73]. The motor 310-003 (40 Hz to 190 Hz) misses the skin mechanoreceptors’ frequency range.

Cost: Both vibratory devices’ materials cost more than $300, which is more than the acceptable cost
intended populations [1], [2], [21]-[28] are willing to pay to improve their PS. In terms of materials, a
pair of the most-reported vibratory insoles [11]-[14], [17], [20], [22] is estimated to cost $4,314.50,

while the complete new vibratory mat is estimated to cost $1,062.83.

Robust Sensing Threshold: The most-reported vibratory device has used different protocols to find the

user’s sensing threshold at the foot plantar surface. The utilized protocols are the Method of Levels
[12]-[14], [77], the participant’s choice through a potentiometer [11], [17], [20], and a researcher cuing
the participant on whether or not they feel the vibration [22]. From the utilized protocols, only the
Method of Levels [77] can be considered as a robust protocol to find participants’ sensing threshold.
Letting the participant change the vibration’s magnitude as they feel the vibration does not allow
studies to control how fast power levels are changed or reduce participants’ biases. In addition, having a
researcher cuing a participant on whether they feel a vibration can create a temptation on the

participant to respond “yes” since they know a stimulus was given to them.

The new vibratory device uses a modified 421 protocol [95], which is an improvement of the original 421
protocol [94]. The original 421 protocol consists of asking the participant 15 times if they feel a stimulus,
starting at 50% of the stimulus power range. If the participant senses the stimulation, the stimulus
becomes greater, and vice versa. At the start of the protocol, the increment or reduction is equivalent to
4-times the smallest division in power level, and this increment or reduction changes if a turnover
occurs. A turnover takes place when the participant goes from feeling the stimulus to not feeling the

stimulus (i.e., yes-to-no), or vice versa (i.e., no-to-yes). In the first turnover, the increment or reduction
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changes from 4-times to 2-times the smallest division, and when the next turnover happens, the change
is from 2-times to 1-time the smallest division. Finally, the sensing threshold is defined as the average of
all 1-time turnovers. The modifications to the 421 protocol [94] are described in the chapter’s Appendix,
and further detailed in a previous study [95]. In the end, the modified 421 reduces biases on the
participant since they do not control the vibration or are cued by the researcher. In addition, the
modified 421 protocol is a robust calculation since it controls the duration of the protocol (not done by
other protocols), holding constant any effect of fatigue in a participant. The algorithm that performs the

modified 421 is part of the Arduino codes included in this chapter’s Appendix.

Robust Manufacturing: Both vibratory devices list the main materials needed for manufacture. However,

only the new vibratory mat documents a wiring diagram and manufacturing steps (Chapter’s Appendix).

Table 6 summarizes the results of each vibratory device when answering the questions regarding the
current and new design requirements. The maximum number of points per design requirement is
equivalent to the number of questions, and full points were given if the design requirement’s questions
were answered with suitable information. Partial points were given if the vibratory device’s information

partially met the design requirement.
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Table 6: Assessment on how the vibratory devices met the design requirements

B T Most-rep.orted Vibratory New Vibratory Device
Device (Insole) (Mat)
Motor Selection 2/2 2/2
Motor Location 0.75/1 0.75/1
Power Generator 1/1 1/1
Noise Generator 3/3 3/3
Material 1.5/2 2/2
Multiple Shoe Sizes 1/1 1/1
Multiple Motors 1/1 0.75/1
Cost 0/1 0/1
Robust Sensing Threshold 0.5/1 1/1
Robust Manufacturing 1/3 3/3
Current Design Requirements 8.25/9 8.75/9
New Design Requirements 3.5/7 5.75/7
Current & New Design Requirements 11.75/16 14.5/16

Discussion

The purpose of this chapter was to assess how both vibratory devices (most-reported insole and new
mat) meet the current [68], [69] and new design requirements, as well as to assess how likely they are
to be used by the intended groups [1], [2], [21]-[28]. In terms of the current design requirements, the
most-reported vibratory insoles [11]-[14], [17], [20], [22] scored 91.67% (8.25/9), while the new
vibratory mat scored 97.22% (8.75/9). In terms of the new design requirements, the most-reported and
new vibratory devices scored 50% (3.5/7) and 82.14% (8/10) respectively, suggesting that the new
vibratory mat has as much or higher potential to be used by the intended populations when compared

to the most-reported vibratory insoles.

The performance of both vibratory devices with respect to the current design requirements [68], [69]
shows that there are not large differences. However, the most-reported vibratory insoles [11]-[14], [17],

[20], [22] and the new vibratory mat (Figure 4) differ in context of the new design requirements.

Motor Selection: Both vibratory devices use thin (less than 16 mm) vibrating components of acceptable

types (indenters and eccentric rotating motors). This assures that the thickness of the vibratory device
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will not negatively affect the participant’s PS [68], and that approved products in human biomechanics

are used, making a future FDA approval process more efficient.

Motor Location: Both devices install the vibrating components under the heel, first and fifth metatarsal,
ignoring the suggestion of placing a fourth vibrating component under the big toe [68]. However, only
one SR study [10], out of 31, that had successfully assessed the effect of vibration at the feet on PS [10]—
[23], [25]-[28], [47]-[49], [51], [52], [54], [55], [57]-[61], [63] has installed a vibrating component under
the big toe. This could imply that a vibrating component under the big toe is not needed, reducing the

cost and manufacturing time of future vibratory devices.

Power Generator: Both devices offer power generators able to operate all vibrating components in both

feet (6 in total) [68], [69]. The most-reported one, Universal Controller (Engineering Acoustics, FL), offers
a compact and portable power generator that reduces the number of lose wires and connectors.
However, this power generator could run into issues if more than 4 vibrating components are needed
close to full power. Populations such a diabetic subjects suffer from extreme loss of sensation at the feet
(peripheral neuropathy) [21]-[23], which could require the operation of motors close to their maximum
capacity. Adding another power generator is a solution to this issue; but this would significantly increase
the cost of the vibratory insoles (+ $2,350.00). On the other hand, the power generator of the new
vibratory mat can run 6 vibrating components at maximum capacity, regardless of the choice of motors
(307-105, 310-003, 306-10H or 307-103). However, the power generator of the new vibratory mat does

not offer a compact and portable design.

Noise Generator: The noise generator of the most-reported vibratory insoles [11]-[14], [17], [20], [22]

(Universal Controller, TDK software and TAction software from Engineering Acoustics, FL) can adjust the
vibrating components’ power levels and create custom sequences. The option to create sequences has

allowed SR studies to output white noise vibrations; however, it is yet to be reported that a study has
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used other colors such as pink or brown. The suggestion to use non-white vibrations has been made
various times [15], [68], [81], [82], since it is possible that SR through vibration does not follow the
assumption “one size fits all” [82]. In other words, it is possible for some participants to benefit from
white noise, while others from pink [82]. It is assumed that the Engineering Acoustics controller can
output any sequence created on their software, since no experimental validation on their outputs’
colors is available. On the other hand, the new vibratory mat’s noise generator can generate white, pink,
and brown vibrations with any of their motors, and the experimental color validation is described in

Chapter 4 of this dissertation.

Material: The new vibratory mat follows all material recommendations [68], while the most-reported
insoles ignore the cork layer. It is possible that this layer is not needed, since multiple SR studies have

been successful without having a cork layer [11]-[14], [17], [20], [22].

Multiple Shoe Sizes: Three of the studies that used the most-reported vibratory insoles [12]-[14] allow

the motion of vibrating components in the insole to accommodate for different shoe sizes. The other
studies [11], [17], [20], [22] did not report a mechanism or protocol that accommodated different shoe
sizes. It is assumed that multiple sizes of vibratory insoles were available. However, if this were to be the
case, the cost to conduct their study significantly increases since the estimated cost to manufacture an
extra pair of vibratory insoles is $1,274.50. The new vibratory mat offers 3 sizes (Short, Middle and Long)
per set of eccentric rotating mass motors. The Short, Middle and Long configurations were chosen to
accommodate the distribution of shoe sizes among female and male participants [70]. Since only three
sizes per motors are available, locating exactly the first and fifth metatarsal for all participants is not
always possible. It would be feasible if a shuffling mechanism would be available [12]-[14], or if there
would be a size configuration for each shoe size. However, given that the location of the first and fifth

metatarsals does not change dramatically between each increment of US shoe sizes [70], it is expected
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for the dissipation of vibration in the mat to overcome this small error in location. Finally, having 56
eccentric rotating motors (4 sets of motors, 2 feet, 7 motors per foot) increases the possibility of
plugging the wrong motor to the controller. That is why, a code that shows researchers the motors that

need to be used is recommended (Example of such code is in the chapter’s Appendix).

Multiple Motors: The most-reported vibratory insoles [11]-[14], [17], [20], [22] have one type of

vibrating component (C-2 Tactors from Engineering Acoustics, FL), which makes a study 100%
dependent on one option. If a participant’s sensing threshold were to fall outside the vibrating
component’s magnitude and frequency ranges, it would require the study to dismiss the participant or
change the protocol. Even though this is a design limitation, it must be pointed out that the C-2 Tactors
(Engineering Acoustics, FL) frequency range (150 Hz to 320 Hz) falls on the frequencies that Pacinian
Corpuscles operate (200 Hz to 300 Hz). In addition, the C-2 Tactors (Engineering Acoustics, FL) have been
used on healthy subjects, diabetic and stroke populations [22], showing that the vibrating component’s
amplitude and frequency ranges have met the need of various populations. The new vibratory mat has
four sets of eccentric rotating mass motors (307-105, 310-003, 306-10H and 307-103 from Precision
Microdrives, UK), offering different amplitude and frequency ranges. The 310-003 motor does not
overlap with the Pacinian Corpuscles’ frequency range. However, the documented frequency range for
all eccentric rotating motors is not the final answer to the question “Which frequencies does the motor
cover?”. Precision Microdrives tests their eccentric rotating mass motors using a Hanging Test set-up
(Further explained in Chapter 4), which is not a test set-up that simulates the compressed environment
of a working vibratory insole or mat. That is why further testing for all eccentric rotating mass motors is
needed in a set-up that simulates the working environment of a vibratory mat, to decide if the motors

target the Pacinian Corpuscles of the foot (i.e., Chapter 4).
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Cost: The estimated cost for the most-reported vibratory insoles ($4,314.50) and the new vibratory mat
(51,062.83) are sums of money that the average customer could not afford, and health insurances
would not want. As said by the Director of Health Programs at the Office of Management and Budget, “if
we get a cure for Alzheimer’s priced at $100,000 a pop, we’re toast” [3]. If vibratory devices are to be in
the market, their cost needs to be lowered to around $300. Already available vibratory medical devices
(whole-body vibration equipment or vibratory insoles) cost between $200 and $400, suggesting that
customers and/or health insurance providers feel comfortable paying around $300 to improve people’s
PS through vibration. The largest expenses on the most-reported vibratory insoles [11]—-[14], [17], [20],
[22] are the vibrating components and controller from Engineering Acoustics, FL. Therefore, unless a
bulk deal from Engineering Acoustics on their C-2 Tactors, Universal Controller and software programs is
obtained, this vibratory device might be too expensive for customers today. Another possibility to
reduce the cost of the most-reported vibratory insoles is to design a cheaper controller. The average
customer does not need the TDK and TAction software programs, suggesting that Engineering Acoustics
or another manufacturer can design a controller that outputs prescribed, tested, and approved
sequences. On the other hand, the new vibratory mat’s cost can be lowered to around $300. The listed
cost for the vibratory mat ($1,062.83) is for all sets of eccentric rotating mass motors and all foot sizes.
Unless the buyer is a nursing home or hospital where the mat has more than one user, there is no need
for a customer to buy the fully instrumented vibratory mat. In fact, the average customer for the
vibratory mat would be matched with 6 of the most appropriate vibrating components (307-105, 310-
003, 306-10H or 307-103 from Precision Microdrives, UK), since only 6 motors are needed per customer.
This reduces the mat size to % of the original area, bringing the Shore A50 Silicone cost to $23.22, as well
as it reduces the motors’ cost to approximately $49.44 ($461.44 x 6 / 56). The controller’s, cork and soft
layers’ cost would not change, bringing the new total to $323.24. The external housing is not added to

this new total since it is only needed if all 56 vibrating components are used. Finally, cost reduction
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strategies such as bulk deals of raw materials and a more optimal controller could reduce further the

cost of the vibratory mat.

Robust Sensing Threshold: Three studies [12]-[14] that have used the most-reported vibratory insoles

followed the Method of Levels [77] to determine the participants’ sensing threshold. The Method of
Levels is considered a robust protocol since it reduces biases on the participant; however, it requires a
researcher to conduct it. The Method of Levels could be conducted without a researcher; however, it
brings back the participant’s bias. The new vibratory mat uses a modified 421 protocol [94], [95] that
reduces biases on the participant and does not require a researcher in the room. Not requiring an
additional person to find the participant’s sensing threshold increases the device’s potential to be used

on people’s everyday lives.

Robust Manufacturing: The studies that utilize the most-reported vibratory insoles [11]-[14], [17], [20],

[22] list the materials of the device; however, they do not share/offer any details on the manufacturing
process. New researchers interested in working with the most-reported vibratory insoles must reverse
engineer the product or contact the original researchers for manufacturing insights. The later has
happened once [20]. However, both these options are not efficient, slowing down innovation. That is
why, the new vibratory mat’s manufacturing steps, wiring diagram, and codes are available in the

chapter’s Appendix, which could be accessible by other investigators upon request.

Given the discussion on how both vibratory devices meet the design requirements, Table 6 was revised,
and the new scores for the most-reported insoles and new mat are in Table 7. The overall score of both
devices did not change dramatically (11.75 to 10.5 for the insoles, and 14.5 to 14.75 for the mat), still
showing that the new vibratory mat has as much or higher potential of being used by the interned
populations. However, it is worth noticing that few individual scores changed for each device. The most-

reported vibratory insoles lost points due to their power generator limitations, and no experimental
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validation on their outputs’ colors. On the other hand, the new vibratory mat gained points due to its

potential to be marketed around $300 for the average customer.

Table 7: Assessment on how the vibratory devices met the design requirements (Revised)

D e Most-rep.orted Vibratory New Vibratory Device
Device (Insole) (Mat)
Motor Selection 2/2 2/2
Motor Location 07544 1/1 07544 1/1
Power Generator 1/1 0.5/1 141 0.75/1
Noise Generator 3/3 1/3 3/3
Material 1502 2/2 2/2
Multiple Shoe Sizes 1/1 0.5/1 141 0.75/1
Multiple Motors 1/1 0.75/1
Cost 0/1 6/% 0.5/1
Robust Sensing Threshold 0.5/1 1/1
Robust Manufacturing 1/3 2/3 3/3
Current Design Requirements 825/9 6.5/9 8-75/9 8.75/9
New Design Requirements 3.5/7 4/7 5 75/7 6/7
Current & New Design Requirements 11.75/16 10.5/16 14.5/16 14.75/16

Conclusion

The goal of this chapter to propose a new vibratory mat that introduces SR into people’s balance was
achieved. The new vibratory mat meets better the current and new design requirements when
compared to the most-reported vibratory insoles [11]-[14], [17], [20], [22]. In addition, it is expected for
the new vibratory mat to have a successful welcome by people seeking to improve PS due to its
tentative market cost and its design. Given our working experience with elderly populations, we think it
would be easier to ask them to stand on a wall plugged vibratory mat at different times of the day for 90
seconds or so, than to ask them to charge their vibratory insoles every night and swap them between
shoes. This does not mean that vibratory insoles should no longer be studied. Instead, we are suggesting
that it is worth exploring SR vibratory devices considering the intended user (young, old, or diseased
populations). We believe that a vibratory mat is more ideal for fall risk and elderly populations [1], [2],

[21]-[28], and vibratory insoles are more ideal for active populations (e.g., athletes) [96].
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Chapter 4: Validation of Vibratory Mat’s Output
Abstract

Background: Introducing stochastic resonance at the feet through mechanical vibration has shown to
improve postural stability in people who are at risk of falling. Most of the previous studies that have
used this technology have not quantified their vibration through universal units (e.g., newtons and
hertz), or validated their outputs. This chapter quantified the output of the vibratory mat proposed in

chapter 3, and experimentally validated its outputs.

Methods: Utilizing three static weights which cover the range of possible participants’” weights and
varying the power level from the lowest to the highest levels, the exerted forces and frequencies of the
vibratory mat were recorded. It was determined whether or not the vibratory mat output the desired

input colors of white, pink, and brown vibrations for the three weights tested across all power levels.

Findings: The vibratory mat’s forces and frequencies were successfully quantified by quadratic
regression models (R2 > 0.87 and R? > 0.70 respectively). The vibratory mat was able to produce accurate
white, pink, and brown output vibrations. More accurate and reliable vibrations were achieved when

stronger motors in the mat were used.

Interpretation: This study successfully quantified the output of the proposed vibratory mat (Chapter 3),
which will allow for easier comparisons of results with future studies. It was also shown that the
proposed vibratory mat can output white, pink, and brown vibrations, which is a feature needed for

studies that investigate the effect of vibration color on postural stability.

Background

Somatosensory feedback is an essential part of human postural stability (PS) [9], and its performance
decays as people age [10]-[20], or due to neuromuscular diseases [21]-[28]. Loss of the somatosensory

feedback is reflected when humans do not feel touch stimuli that was previously perceptible, leading to
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a higher risk of falls. Vibratory devices that introduce stochastic resonance (SR) under the feet is a
technology under development that has the potential to improve the performance of the
somatosensory feedback in humans, increasing their PS, and reducing falls [30]-[46]. In theory, the goal
of SR is to assist a system to cross a threshold level that it could not cross initially by adding noise (Figure
2) [16]. Given that sensation in humans is only perceived by the brain when neurons at the skin cross the
sensation threshold, vibratory devices that introduce SR under the feet are ideal candidates to improve

sensation, resulting in a lower fall risk and an improved quality of life.

—Signal Signal + Noise ---Threshold ——Above Threshold

Figure 2: Stochastic resonance graphical description

Stochastic resonance (SR) is the addition of noise to a signal that is below a threshold level so that the signal with the noise’s
assistance can cross the threshold level that it could not cross before

SR studies that assess the effect of vibration at the feet on PS [10]-[28], [47]-[61], [63] define their
outputs based on their magnitude and type. In terms of magnitude, 9 studies used universal units such
as indentation depth and frequency [24], [25], [52], [54]-[59]; 21 studies used a percentage of the
participant’s sensing threshold [10]—[23], [26]-[28], [47]-[49], [51]; and 5 studies used a power level of
their system [50], [53], [60], [61], [63]. Regarding the output’s type, 19 studies [10]-[18], [20]-[23], [26],
[28], [47]-[49], [51] used vibrations that followed a white noise pattern; 15 studies held their power
constant yielding sinusoidal vibrations [24], [25], [27], [50], [52]-[61], [63]; and 1 study did not define
the type of their vibration [19]. All the claims in these studies regarding the system’s output type do not

have experimental validation. Given this information, it is suggested that there are two unresolved
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issues addressed by this chapter: 1) Most of the vibrating outputs’ magnitudes do not use universal
units, and 2) The vibrating output types have not been experimentally validated to determine if they are

actually constant or white as assumed.

Using universal units to quantify the magnitude of any vibrating output allows comparison among
multiple investigators and aligns with practices from neurophysiology studies on human sensing
threshold. When SR studies do not use universal units [10]-[23], [26]—[28], [47]-[51], [55], [60], [61],
[63], new investigators must replicate previous vibratory systems to compare results. This slows down
innovation since new investigators might rather compare their results with previous discoveries, than to
develop a new system, repeat the studies that previous investigators have done, and compare any new
discoveries with previous ones. However, if SR studies used universal units, as a few have done (e.g.,
[24], [25], [52], [54]-[59]), it would be possible for new technologies to be proposed since new and old
technologies would be measured with units that are not dependent on a system (distance, frequency,
contact area, force, etc.). In addition, not using universal units creates a gap between SR studies on PS
and neurophysiology studies on human sensing threshold [71]-[76], [78]. Both fields of study share a
step on their protocol: measuring the participant’s sensing threshold. If both fields of study were to use
universal units (distance, frequency, contact area, force, etc.) to quantify the stimulus given to humans,

it would be possible to relate both fields’ results and discoveries.

Experimentally validating a vibrating output’s type removes the assumption that, whatever is input to
the motor, is output by the motor, as well as yields good practices knowing the sensitivity of human PS
towards different noise types. A vibrating component (e.g., eccentric rotating mass motor) is a complex
electro-mechanical system, that when embedded in an insole or mat becomes more complex due to the
surrounding material, proximity to other vibrating components and the participant’s weight

compressing them. It is not denied that current technologies allow for the design of highly accurate
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controllers for vibrating components. However, given that human PS is sensitive to different types of
noises [81], it is justifiable to experimentally validate the vibrating output types using Detrended
Fluctuation Analysis (DFA) to determine the vibration’s color [79], [80]. DFA on any time series (e.g.,
vibration) yields a log-log plot that is fitted commonly with a linear regression. The linear regression’s
slope (a) states the color of the time series (White a = 0.5, Pink a = 1.0, and Brown a = 1.5) [79], [80].
DFA has also been used to investigate postural sway by analyzing the Center of Pressure (COP) time
series [17]. It suggested that vibratory devices should output multiple types of vibration (white, pink or
brown) because there is evidence that one noise type may not be the most ideal noise to improve all
human PS (i.e., one-size-fits-all does not work) [82]. Previous SR studies have only introduced white
noise [10]-[18], [20]-[23], [26], [28], [47]-[49], [51] or sinusoidal [24], [25], [27], [50], [52]-[61], [63]
vibrations to their participants, ignoring previous design recommendations [68], conclusions [15], [81],
[82] and the importance of complexity and predictability in human PS [11], [81], [82]. This shows the
necessity to experimentally validate vibrating outputs’ types, which will open the possibilities to study

SR with vibrations that have not been explored (pink and brown).

There are three common testing set-ups to study the magnitude and type of vibrating outputs, and they

are listed below.

1. The Hanging Test (Figure 6 Left) which consists of a vibrating component and an accelerometer
clamped to a hanging platform. The output vibrations are recorded using the accelerometer.

2. The Static Test (Figure 6 Center) which consists of a force plate recording the ground reaction
forces and moments of a manufactured vibratory device that has a known and static weight on
it (e.g., cinder blocks).

3. Finally, the Dynamic Test (Figure 6 Right) being the same as the Static Test with one exception.

Instead of having a static weight on the vibratory device, a participant stands on it. The vibrating
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output and human sway are separated by filtering techniques, such as low-pass, band-pass or
high-pass filters [21], [27], [49], [55]. No experimental data will be acquired in this set-up by this

chapter; however, Chapter 5 will acquire data through this test set-up and address their results.

Figure 6: Testing set-ups to record vibrating outputs

(Left) Hanging Test: A vibrating component is clamped to a hanging platform that free to move, and vibrations are recorded by
an accelerometer that is attached to the handing platform. (Middle) Static Test: Static weights are placed on a manufactured
vibratory device, and the forces exerted by the embedded motors are recorded by a force plate located under the vibratory
device. (Right) Dynamic Test: A human is placed on a manufactured vibratory device, and the forces exerted by the embedded
motors are recorded by a force plate located under the vibratory device. Filtering techniques are needed to separate human
sway from the forces exerted by the motors.

In Chapter 3, a new vibratory mat was designed and manufactured (Figure 6 Center and Right), while
meeting all design requirements that the most-reported vibratory insoles have met [11]-[14], [17], [20],
[22]. The vibratory mat offers four sets of eccentric rotating mass motors from Precision Microdrives, UK
(model # for the weakest to strongest motor: 307-105, 310-003, 306-10H, and 307-103). The vibratory
mat can also adjust the power levels of all motors from 0% to 100%, and it can operate the left and right
foot separately (LF and RF) or both feet simultaneously (BF). Given this device, the purpose of this

chapter is to experimentally validate the new vibratory mat by defining the forces and frequencies that
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it exerts given a choice of motor, participant’s weight, feet setting and power level, as well as by stating
when an accurate vibrating output’s type (white, pink, or brown) is obtained given a choice of motor,

participant’s weight and power level. The chapter’s hypotheses are listed under.

Hypothesis 1: Based on data obtained through static tests, it is hypothesized that the
participant’s weight does not have a significant effect on the forces and frequencies exerted by
each motor for a given feet setting.

o Hypothesis 2: Based on data obtained through static tests, it is hypothesized that there are
repeated forces and frequencies across multiple motors for a given feet setting, as well as across
feet settings for a given motor.

e Hypothesis 3: Based on data obtained through hanging and static tests, it is hypothesized that
more accurate outputs’ colors are found as the motor size and power level increase.

e Hypothesis 4: It is hypothesized that there is a relation between the vibrating outputs’ colors

found through hanging and static tests, suggesting that it is possible for future researchers to

study motors before they are embedded in a device.

Methods
All data manipulation and statistics were performed in MATLAB R2020b (MathWorks, MA, USA). For all

statistical analysis, the level of significance was p < 0.05.

Forces and Frequencies Exerted by the Vibratory Mat (Hypotheses 1 and 2)

The ground reaction forces exerted by the vibratory mat were recorded by an OR6 force plate (AMTI,
Watertown, MA, USA) from the lowest power (40% for 307-105, 30% for 310-003, and 20% for 306-10H
and 307-103) to the highest one when different static loads that represent various participants’ weights
(34 kg, 75 kg, and 115 kg) were placed on the mat. This was done for all motor choices (307-105, 310-

003, 306-10H or 307-103) and feet settings (LF, RF, or BF). The force plate kinetic data were recorded for
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10 seconds at 2500 Hz using a 16-bit A/D CED Power mkll and Spike2 (Cambridge Electronic Design, UK),

while the vibratory mat’s power level was held constant.

To determine the exerted force by the mat given a motor choice, power level, feet setting and simulated
participant’s weight (Figure 9), the resultant force was calculated using the x, y, z directions, which were
previously filtered by a band-pass whose cut-off frequencies were 20 Hz and 400 Hz [21], [27], [49], [55].
The resultant force was then rectified consecutively over time windows equal to 0.1 seconds, frequency
(10 Hz) at which new input voltages were given to the motors. The motors’ voltage was constant in this
part of the study; however, a new constant input voltage was given to the motors every 0.1 seconds (10
Hz). Rectification of vibratory data using methods established for electromyography muscle data [83]
was done due to the similarities between both time series, and inconclusive results obtained on
unrectified vibration data (i.e., averages and slopes equal to 0 due to sinusoidal behaviors). From the
filtered and rectified resultant force, the middle 50% of the time series was extracted, and an average
and standard deviation were calculated to quantify the force exerted by the motor. The middle part of
the data was used to avoid any transient behavior at the start and at the end of the vibration. The data

manipulation explained in this paragraph is further detailed in the Appendix of this chapter.

To determine the exerted frequencies by the mat for a given motor choice, power level, feet setting (LF,
BF, or RF) and simulated participant’s weight (Figure 10), a power spectrum density analysis was done
on each of the ground reaction forces (x, y, and z directions). From each power spectrum density plot
(dB/Hz vs. Hz for x, y, and z directions), the frequency at which the highest power occurred was
recorded. Among these three recorded frequencies, the one with the highest power spectral density
was selected as the exerted frequency by the mat. In addition, the frequencies at which the power
spectral density behavior started and ended were recorded. The starting and ending frequencies were

included to show the frequency ranges that the vibratory mat covered. The starting and ending
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frequencies were not used in any statistical analysis. The data manipulation explained in this paragraph

is further detailed in the Appendix of this chapter.

Linear and quadratic regression models in terms of the simulated weight and power level were fitted for
the exerted forces and frequencies given a feet setting and motor (Table 8 and Table 9). The linear and
quadratic regression models were respectively y = Ay + A1x1 + Ayx,and y = Ag + A1xq1 + Ayxp +
A3x? + Auxx, where A, were coefficients, x; was power level and x, was simulated weight. A quadratic
regression model was selected over a linear one if the Adjusted R? (R%qj) and Root Mean Squared Error
(RMSE) of the quadratic model were better. A comparison between the linear and quadratic regression
models is available in the Appendix of this chapter. On the selected model, the 95% prediction bounds

were determined at the tested simulated weights and power levels (Figure 11 to Figure 14). The type of

prediction bounds was functional and simultaneous, meaning that the used equation was y + fm
where §S'is the covariance matrix of the coefficients, and f depends on the coefficients’ confidence level
and is calculated from the F' cumulative distribution function. Finally, using the 95% prediction bounds,
the following comparisons (p < 0.05) were done for the exerted forces and frequencies at each power

level. A detailed description of the comparisons is included in the Appendix of this chapter.

e  Within each motor and feet setting (subplots of Figure 11 or Figure 12), it was assessed if the
regression’s output (force or frequency) differed across simulated weights for a given power
level.

e  Within each motor (columns of Figure 11 or Figure 12), it was assessed if the regression’s output
differed across feet settings for a given power level. This was done for each simulated weight.

e Within each feet setting (rows of Figure 11 or Figure 12), it was assessed if the regression’s

output differed across motors for a given power level. This was done for each simulated weight.
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Vibratory Outputs’ Colors - Hanging Test (Hypothesis 3)

Before studying the type of the vibratory outputs, input signals had to be chosen for each motor and
desired output type. To select the input for each motor (307-105, 310-003, 306-10H, 307-103) and
output type (White, Pink and Brown), 10 “perfect” white, pink, and brown input signals (30 in total)
were developed in MATLAB, and tested on each motor using the Hanging Test. All input signals were 90-
second long and had a frequency of 10 Hz. A “perfect” input signal in MATLAB was one whose DFA (tmin =
0.5 sand tmax = 15'S, OF Nmin = 5, Nmax = N/6, N = 900) slope (a) was within £0.02 from the ideal slope
(Qwhite = 0.5, Qpink = 1.0, and dprown = 1.5), and whose DFA R? was larger than or equal to 0.98 [79], [80].
The accelerations created by the motor on the hanging platform were recorded for 105 seconds in all
directions (x, y, and z) by an ADXL335 Accelerometer (Adafruit Industries, NY) at 2500 Hz using a 16-bit
A/D CED Power mkll and Spike2. The accelerometer’s data received the data manipulation used to
determine the force exerted by the vibratory mat, except for one final step. Instead of calculating the
exerted force on the middle, filtered and rectified resultant time series, a DFA (tmin = 0.5 sec, tmax = 15
sec) was performed on the filtered and rectified resultant acceleration when the motor was ON [79],
[80]. The input signals on each motor that yielded the closest DFA results to the ideal ones were
selected, creating 12 inputs signals in total (4 motors and 3 types, Figure 15). In some motors and
vibratory types, a “perfect” input did not yield positive results, requiring the use of “imperfect” inputs.
For example, a “perfect” white input yielded DFA a values around 0.57 for the motors 306-10H and 307-
103. Therefore, an “imperfect” white input (DFA a = 0.441) was used in motors 306-10H and 307-103 to

obtain DFA a values closer to white (DFA a around 0.53).

Using the selected inputs for each motor and type (Figure 15), all motors were tested from their lowest
(40% for 307-105, 30% for 310-003, and 20% for 306-10H and 307-103) to the maximum (100%) power
levels in a Hanging Test set-up. The accelerometer’s data was acquired and manipulated as described in

the last paragraph, resulting in DFA a slopes as a function of power level for each motor (Figure 16).
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Signal-to-Noise (SN) ratios were included at each power level to graphically represent the reliability of
the DFA results. The SN ratios were equal to the RMS of the resultant, filtered and not rectified
acceleration while the motor was ON (~90 seconds), divided by the RMS of the resultant, filtered and

not rectified acceleration while the motor was OFF (~15 seconds).

Vibratory Outputs’ Colors - Static Test (Hypothesis 3)

Using the selected inputs for each motor and type (Figure 15), all motors were tested under the BF
setting from their lowest to maximum power levels in a Static Test set-up with simulated weights
equivalent to 34 kg, 75 kg, and 115 kg. Except for two steps, the force plate’s data was acquired and
manipulated as it was done when the exerted force by the mat was calculated. First, instead of acquiring
10 seconds of data, 95 seconds of vibration were recorded. In addition, instead of calculating the
exerted force on the middle, filtered and rectified resultant time series, a DFA (tmin = 0.5 sec, tmax = 15
sec) was performed on the filtered and rectified resultant force when the mat was ON [79], [80]. This
yielded DFA a slopes as a function of power level and participant’s weight for each motor (Figure 17). SN
ratios were included at each power level to graphically represent the reliability of the DFA results. The
SN calculation was equivalent to the one described in the last paragraph; however, the OFF time was

less (i.e., ~5 seconds).

Vibratory Outputs’ Colors - Static vs. Hanging Test (Hypothesis 4)

Finally, the DFA results from the static tests were plotted against the DFA results from the hanging tests
to investigate any possible relations between both test set ups (Figure 18). Regression analysis from
these comparisons were not included in this chapter, due to the weak relations that were obtained.

Instead, comments and observations on the plots will be part of the discussion.
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Results
Forces and Frequencies Exerted by the Vibratory Mat (Hypotheses 1 and 2)

The forces exerted by the vibratory mat given a motor, feet setting, power level and simulated
participant’s weight, are shown in Figure 9. The rows indicate the feet setting that was used (LF: Left
foot, BF: Both feet, and RF: Right foot), while the columns represent the motor choice (weakest model #
to strongest: 307-105, 310-003, 306-10H and 307-103). The markers and shaded areas in the plots
represent the average and standard deviation of the exerted force, respectively. Motor 307-105 showed
an unusual behavior under the RF setting, since its exerted force started decaying around 60% for all
simulated weights. Also, motor 307-105 did not yield any vibration at 40% for any of the weights under
the RF setting, and for weights equal to 75 kg and 115 kg under the LF and BF settings. Finally, as the

motor strength increased, the exerted force’s variability increased too.
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Figure 9: Forces exerted by the mat
Rows represent the feet setting (LF, BF or RF), while columns represent the motor (307-105, 310-003, 306-10H and 307-103). In
each subplot, exerted force as a function of power level are displayed under three simulated participants’ weights (34 kg, 75 kg,
and 11 kg). Black shades, lines and squares represent 34 kg. Red shades, lines and circles represent 75 kg. Blue shades, lines and
triangles represent 115 kg. The center line indicates the average exerted force at a power level, while the shaded area
represents its variation (standard deviation).
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The frequencies exerted by the vibratory mat given a motor, feet setting, power level and simulated
participant’s weight, are shown in Figure 10. As indicated in Figure 9, rows and columns represent
respectively the feet setting and motor used in the mat. The markers in the plot represent the exerted
frequency, while the shaded area represents the range of frequencies covered by the mat. The lowest
frequency covered by the mat remains mostly constant for motors 307-105, 310-003 and 307-103,
regardless of the weight. The highest frequency covered by the mat increases as the power rises for all
motors, regardless of the weights. Finally, the exerted frequency is not always at the ends of the ranges,
indicating that even though a motor could cover a wide range of frequencies, there will be a frequency

inside that range that has a stronger power than the lowest or highest frequencies.
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Figure 10: Frequencies exerted by the mat

Rows represent the feet setting (LF, BF or RF), while columns represent the motor (307-105, 310-003, 306-10H and 307-103). In
each subplot, exerted frequency as a function of power level are displayed under three simulated participants’ weights (34 kg,
75 kg, and 115 kg). Black shades, lines and squares represent 34 kg. Red shades, lines and circles represent 75 kg. Blue shades,
lines and triangles represent 115 kg. The center line indicates the exerted frequency at a power level, while the shaded area
represents its range.

The coefficients of the regression models for the exerted force (Figure 9) as a function of weight and

power, given a feet setting and motor are described by Table 8. A quadratic regression model was

63



superior in all cases when compared to the linear model. The unusual behavior of 307-105 RF was
reflected by the low R%4; when compared to the rest. However, high R%,q; values were found for all other
motors and feet settings reflecting accurate fits (lowest R%q;was 0.8793). The RMSE increased as the
strength of the motor strength increased. Some coefficients were not statistically significant at a 95%
confidence, and they are displayed in red (Table 8). Based on the statistical significance of the term A,,
the simulated weight does not have a significant effect on the exerted forces by 307-103 LF, 307-105 BF,
307-103 BF, and 306-10H RF. Power level had a significant impact on the exerted forces since the A;
and/or As coefficients were always significant. The coefficients A; and A; were associated with the linear

and quadratic values of power.
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Table 8: Coefficients and

fitting performance of regression models for exerted force

307-105 310-003 306-10H 307-103
. -1.06E+00 1.356+00 1.34E-01 1.05E-01
| (-1.326400..-8.056-01) | (1.17E+00..1.52E+00) | (-2.886-01..1.86E-02) | (-5.626-01..3.52€-01)
A 2.66E-02 -6.95E-02 -2.91E-02 7.71€-03
U | (1.94E-02..3.39E-02) | (-7.44E-02..-6.47E-02) | (-3.34E-02..-2.486-02) | (-5.24E-03 ..2.07E-02)
A 7.656-03 3.026-03 1.46E-02 2.79E-03
2 | (5.726-03..9.57E-03) | (L57E-03..4.48E-03) | (1.326-02..161E-02) | (-1.59E-03..7.17E-03)
& A 1.936-04 1.31E-03 1.24E-03 9.30E-04
> | (1.42E-04..2.456-04) | (1.28E-03..1.356-03) | (1.21E-03..1.27E-03) | (8.32E-04..1.03-03)
A -1.13€-04 -6.67E-05 -3.22E-04 -1.18E-04
4 | (-1.38€-04 .. -8.74E-05) | (-8.78E-05..-4.56E-05) | (-3.44E-04 ..-3.00E-04) | (-1.85E-04 ..-5.12E-05)
R%.q 0.9307 0.9849 0.9811 0.8793
RMSE 0.2363 0.2819 0.3595 1.0772
A 4.37E+00 1.24E-01 1.256-01 ~6.24E-01
° | (:4.68£+00...-4.05E+00) | (-3.92E-01..1.43E-01) | (-1.38E-01..3.88E-01) | (-1.17E+00..-8.02E-02)
A 1.41E-01 -4.17E-02 -3.85€-02 3.29€-02
U | (1.326-01..1.506-01) | (-4.91E-02..-3.42E-02) | (-4.60E-02..-3.10E-02) | (1.75E-02 ...4.83E-02)
A 2.21E-03 2.256-02 1.08E-02 1.03E-03
2 | (-1.676-04..4596-03) | (2.036-02..2.47E-02) | (8.31E-03..1.33E-02) | (-4.156-03..6.206-03)
B A -6.50E-04 1.62E-03 1.47E-03 1.24E-03
* | (7.14E-04 .. -5.876-04) | (1.57E-03..1.686-03) | (1.42€-03..153E-03) | (1.12E-03..1.36E-03)
. -1.37E-05 -5.58E-04 -2.53E-04 -1.61E-04
“ | (-4.51E-05 ..1.776-05) | (-5.90E-04..-5.256-04) | (-2.92E-04 ..-2.14E-04) | (-2.40E-04 ..-8.12E-05)
R%aq 0.8973 0.9805 0.9638 0.9239
RMSE 0.2932 0.4351 0.6228 1.2792
. 22.68E+00 2.98E+00 ~6.22E-01 6.36E-01
| (:3.236400 ... -2.14E400) | (-3.32E+00 ..-2.656400) | (-8.32E-01 ..-4.12E-01) | (1.86E-01 ... 1.09E+00)
A 1.13€-01 5.60E-02 2.62E-02 -1.24E-02
U | (9.916-02..1.276-01) | (4.676-02..6.53E-02) | (2.02E-02..3.21E-02) | (-2.51E-02 ...3.69E-04)
A 4.296-03 4.08E-02 1.62€-03 -1.40E-02
2 | (1.21E-03..7.37E-03) | (3.80E-02..4.36E-02) | (-4.01E-04 ..3.646-03) | (-1.83E-02..-9.72E-03)
ifs A -8.53E-04 8.23E-04 2.72E-04 1.03E-03
> | (:9.43E-04..-7.626-04) | (7.56E-04..8.90E-04) | (2.27€-04..3.176-04) | (9.29E-04 ..1.12E-03)
A 3.50E-06 -0.56E-04 2.18E-06 3.04E-04
4 | (3.66E-05 .. 4.366-05) | (-9.97E-04..-9.16E-04) | (-2.87E-05..3.31E-05) | (2.38E-04 ..3.70E-04)
R%aq 0.5200 0.9499 0.9052 0.9167
RMSE 0.3459 0.5421 0.4960 1.0575

Coefficients are based ony = Ay + A1 xq + Ayx, + A3x? + Ayxqx,, where x; is power level and x; is simulated weight. If A; and
A4 have values, then the best model was quadratic, otherwise the best model was linear. Coefficients in red were not statistically

significant, and the values in parenthesis represent the 95% confidence interval.

The coefficients of regression models for the exerted frequencies (Figure 10) as a function of weight and

power, given a feet setting and motor are described by Table 9. A quadratic regression model was

superior in all cases when compared to the linear model. The fitting performance values of R%,q; and

RMSE improved as the motor strength increased. In general, all fittings were accurate since the R%y;
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values were mostly above 0.7 for all motors and feet settings. When compared to Table 8, there were
more coefficients that were not statistically significant (red text in Table 9). The simulated weight (A2
coefficient) only had a significant effect on the exerted frequency by 307-103 LF and 306-10H BF. In
addition, the power level had a significant impact on the exerted frequencies by most of the motors
since the A; and/or A; coefficients were significant. Only the exerted frequencies of 310-003 LF and 307-
105 RF did not have a significant effect from the power level. However, both instances (310-003 LF and

307-105 RF) did not have a significant effect from any of the regression coefficients.
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Table 9: Coefficients and fitting performance of re

gression models for exerted frequency

307-105 310-003 306-10H 307-103
Ao -1.49E+01 9.39E+01 4.07E+00 -1.00E+01
(-9.60E+01 ... 6.62E+01) | (-2.34E+01 ... 2.11E+02) | (-2.99E+01 ... 3.80E+01) | (-2.60E+01 ... 6.00E+00)
Al 4.03E+00 1.78E+00 3.25E+00 2.99E+00
(1.73E+00 ... 6.34E+00) | (-1.46E+00 ... 5.02E+00) | (2.29E+00 ... 4.21E+00) | (2.54E+00 ... 3.44E+00)
A 3.43E-01 -6.98E-01 2.21E-01 2.99E-01
(-2.68E-01 ... 9.54E-01) | (-1.67E+00 ... 2.74E-01) | (-1.03E-01 ... 5.46E-01) (1.46E-01 ... 4.52E-01)
LF
A -1.16E-02 -8.04E-03 -6.64E-03 -8.33E-03
(-2.79E-02 ... 4.74E-03) | (-3.14E-02 .. 1.53E-02) | (-1.39E-02...6.09E-04) | (-1.17E-02 ...-4.92E-03)
Au -3.35E-03 1.21E-02 -2.89E-03 -3.39E-03
(-1.14E-02 ... 4.71E-03) | (-1.96E-03 ... 2.62E-02) | (-7.85E-03...2.08E-03) | (-5.73E-03...-1.05E-03)
R%adj 0.946 0.703 0.968 0.988
RMSE 9.711 25.017 10.622 5.003
Ao -2.19E+01 6.17E+00 2.17E+01 -1.07E+01
(-1.51E+02 ... 1.07E+02) | (-7.27E+01 ... 8.51E+01) | (-3.71E+00 ... 4.72E+01) | (-4.08E+01 ... 1.95E+01)
Al 5.85E+00 2.92E+00 3.28E+00 3.68E+00
(2.17E+00 ... 9.52E+00) | (7.35E-01...5.10E+00) | (2.56E+00 ... 4.00E+00) | (2.83E+00 ... 4.53E+00)
A -2.92E-01 4.11E-01 -2.93E-01 -8.42E-02
(-1.27E+00 ... 6.82E-01) | (-2.43E-01... 1.07E+00) | (-5.36E-01 ...-4.98E-02) | (-3.72E-01...2.04E-01)
BF
As -3.05E-02 -3.37E-03 -1.15E-02 -1.63E-02
(-5.65E-02 ... -4.43E-03) | (-1.91E-02 ... 1.23E-02) | (-1.69E-02 ... -6.08E-03) | (-2.28E-02 ... -9.91E-03)
As 4.28E-03 -7.05E-03 4.54E-03 2.07E-03
(-8.56E-03 ... 1.71E-02) | (-1.65E-02 ... 2.44E-03) (8.14E-04 ... 8.26E-03) (-2.34E-03 ... 6.48E-03)
RZadj 0.819 0.880 0.982 0.966
RMSE 15.481 16.832 7.961 9.430
Ao -2.48E+02 2.19E+01 3.35E+01 1.44E+01
(-8.42E+02 ... 3.46E+02) | (-1.04E+02 ... 1.48E+02) | (-3.39E-01...6.73E+01) | (-1.34E+01 ... 4.21E+01)
Al 1.04E+01 4.05E+00 2.69E+00 3.13E+00
(-4.83E+00 ... 2.57E+01) | (5.56E-01 ... 7.55E+00) | (1.73E+00...3.65E+00) | (2.34E+00 ... 3.91E+00)
A 1.67E+00 -3.07E-01 -7.03E-02 -9.25E-02
(-1.69E+00 ... 5.03E+00) | (-1.36E+00 ... 7.40E-01) | (-3.93E-01...2.53E-01) | (-3.58E-01...1.73E-01)
RF
As -4.49E-02 -1.80E-02 -5.66E-03 -1.12E-02
(-1.44E-01 ... 5.39-02) | (-4.31E-02 .. 7.18E-03) | (-1.29E-02 ...1.55E-03) | (-1.71E-02 ...-5.24E-03)
A -2.61E-02 2.12E-03 1.05E-03 1.77E-03
¢ (-6.98E-02 ... 1.75E-02) | (-1.31E-02..1.73E-02) | (-3.89E-03...6.00E-03) | (-2.30E-03 ... 5.83E-03)
R2aq) 0.260 0.724 0.964 0.972
RMSE 48.407 26.960 10.579 8.689

Coefficients are based ony = Ay + A1 xq + Ayx, + A3x? + Ayxqx,, where x; is power level and x; is simulated weight. If A; and
A4 have values, then the best model was quadratic, otherwise the best model was linear. Coefficients in red were not statistically

significant, and the values in parenthesis represent the 95% confidence interval of each coefficient.

From the quadratic regression models described in Table 8, the 95% prediction bounds are displayed in

Figure 11 for the exerted forces as a function of power and simulated weight. The markers indicate the

experimental average exerted forces. Using the prediction bounds within each subplot (motor and feet

setting), it was found that the simulated weight did not statistically influence the motor 307-105’s
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exerted force when the power was between 40% and 80% for all feet settings. In motor 310-003, the
simulated weight did not statistically influence the exerted force under the LF setting for powers
between 40% and 70%. In motor 306-10H, the simulated weight did not statistically affect the exerted
force under the LF and BF settings for powers between 20% and 50%, and it did not statistically
influence the exerted force at any power under the RF setting. In motor 307-103, the simulated weight
did not statistically affect the exerted force under the BF and RF settings for powers between 20% and
60%, and it did not statistically influence the exerted force at any power under the LF setting. Using the
prediction bounds within each motor, it was found that the motor 307-105’s exerted force did not
statistically differ between the LF and RF settings when the simulated weight was 34 kg, and the power
was between 40% and 60%. For motor 310-003, the exerted force under the LF and RF settings did not
statistically differ for all weights when the power was between 30% and 50%. For motor 306-10H, the
exerted force under the LF and RF settings did not statistically differ for all weights when the power was
between 20% and 50%. For motor 307-103, the exerted force under the LF and RF settings did not
statistically differ for weights equal to 75 kg and 115 kg when the power was between 20% and 40%.
However, the motor 307-103’s exerted force did not statistically differ between the LF and RF settings
for all power levels when the simulated weight was 34 kg. Finally, using the prediction bounds within
each feet setting, it was found that under the LF and RF settings motors 306-10H and 307-103 did not
statistically differ at 20% for all weights, and that motors 310-003, 306-10H and 307-103 did not
statistically differ at 30% for all weights. Under the BF setting, motors 306-10H and 307-103 did not
statistically differ at 20% for all weights. In addition, under the BF setting, motors 310-003 and 306-10H
did not statistically differ at 30% for weights equal to 75 kg and 115 kg, and they did not statistically

differ for all power levels when the weight was 34 kg.
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Figure 11: Forces exerted by the mat - Quadratic prediction intervals

Rows represent the feet setting (LF, BF or RF), while columns represent the motor (307-105, 310-003, 306-10H and 307-103). In
each subplot, the prediction intervals (dashed lines) of the exerted forces calculated by a quadratic regression model are
displayed under three simulated participants’ weights (34 kg, 75 kg, and 11 kg), alongside the experimental data (markers).
Black lines and squares represent 34 kg. Red lines and circles represent 75 kg. Blue lines and triangles represent 115 kg.

From the quadratic regression models described in Table 9, the 95% prediction bounds are displayed in
Figure 12 for the exerted frequencies as a function of power and simulated weight. The markers indicate
the experimental exerted frequencies. Using the prediction bounds within each subplot (motor and feet
setting), it was found that the simulated weight did not statistically influence any motor’s exerted
frequencies for all power levels. Using the prediction bounds within each motor, it was found that the
motor’s exerted frequencies did not statistically differ between feet settings for all power levels and
weights. Finally, using the prediction bounds within each feet setting, it was found that under the LF
setting the exerted frequency did not statistically differ between motors 307-105, 310-003 and 306-10H,
and between motors 310-003 and 307-103 for all power levels and weights. Under the BF setting, the
exerted frequencies of motors 307-105 and 310-003, motors 310-003 and 307-103 and motors 307-105

and 306-10H did not statistically differ for all power levels and weights. Under the RF setting, there were
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not statistical significances in terms of exerted frequencies across all motors for all power levels and

weights.
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Figure 12: Frequencies exerted by the mat - Quadratic prediction intervals

Rows represent the feet setting (LF, BF or RF), while columns represent the motor (307-105, 310-003, 306-10H and 307-103). In
each subplot, the prediction intervals (dashed lines) of the exerted frequencies calculated by a quadratic regression model are
displayed under three simulated participants’ weights (34 kg, 75 kg, and 11 kg), alongside the experimental data (markers).
Black lines and squares represent 34 kg. Red lines and circles represent 75 kg. Blue lines and triangles represent 115 kg. Data for
307-105 RF at 40% is not displayed since it was not possible to visualize a signal at 40%.

Figure 13 and Figure 14 show the exerted forces’ prediction bounds plotted against the exerted
frequencies’ prediction bounds for all simulated weights. Figure 13 shows how various feet settings
compare with each other within a motor. From Figure 13, motor 310-003 has a larger variability in terms
of frequency when compared to other motors, motor 307-103 shows more uniformity between the LF
and RF settings, and all motors show that the BF setting exerts larger forces when compared to the LF
and RF settings. Figure 14 shows how various motors compare with each other within a feet setting.
From Figure 14, motor 307-103 shows to exert a lower frequency content, but larger forces when

compared to the other motors. In addition, motors 310-003 and 306-10H highly overlap with each other
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under the LF and BF settings, and not under the RF setting (i.e., 310-003 exerts larger forces when

compared to 306-10H).
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Figure 13: Forces vs. frequency by the mat across motors - Quadratic prediction intervals

Darkness of the shaded area is proportional to the simulated weight (34 kg, 75 kg, and 115 kg). Right foot (RF) data was omitted
for the motor 307-105 (top-left plot) due to its unexpected and abnormal exerted force as a function of power. Black, red, and
blue colors respectively represent the feet settings LF, BF, and RF. The shape of each plot is defined by the force and frequency

prediction intervals obtained from the regression analysis.
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Figure 14: Forces vs. frequency by the mat across feet settings - Quadratic prediction intervals

Darkness of the shaded area is proportional to the simulated weight (34 kg, 75 kg, and 115 kg). Right foot (RF) data was omitted
for the motor 307-105 (bottom-left plot) due to its unexpected and abnormal exerted force as a function of power. Black, red,
blue, and magenta colors respectively represent the motors 307-105, 310-003, 306-10H, and 307-103. The shape of each plot is
defined by the force and frequency prediction intervals obtained from the regression analysis.

Vibratory Outputs’ Colors - Hanging Test (Hypothesis 3)
The selected input signals for all motors (307-105, 310-003, 306-10H and 307-103) and types (White,

Pink and Brown) are displayed in Figure 15. Except for the white vibration in motors 306-10H and 307-
103, there were not repeated input signals between motors and output types. For all motors, a
“perfect” white input signal (DFA awhite = 0.5) did not yield successful vibrations. All motors required
input signals with DFA a values lower than 0.5 to obtain an output vibration close to white (e.g., DFA a
equal to 0.303 for 307-105). Similarly, motor 306-10H required an input signal with DFA a equal to 0.880
to obtain a pink vibration (DFA opink = 1.0). Finally, all motors followed an almost 1-to-1 relation when

outputting brown vibrations (DFA dprown = 1.5).
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Figure 15: Selected inputs for all motors and vibratory types

All signals are normalized between 0 and 1, and the MATLAB DFA a is stated in the first line of each cell (DFApur ). The DFA a
calculated from the hanging test is described in the second line of each cell (DFAourrur, T @), and it corresponds to the best
output from all tested input signals.

Using a hanging test set-up, the vibrations’ type (White, Pink and Brown) as a function of power for all
motors (307-105, 310-003, 306-10H and 307-103) with their respective SN ratios are shown in Figure 16.
A stronger SN ratio was found, as motor strength increased (from 307-105 to 307-103), and as power
increased within each motor. Across all vibration types, the SN ratios for motors 307-105, 310-003, 306-
10H and 307-103 were respectively 1-17, 7-21, 11-45 and 20-71. Each motor’s ability to output an
acceptable vibration type (white, pink, or brown) was dependent on the power level. Motor 307-105
produced acceptable white, pink, and brown vibrations when the power was larger than or equal to
70%, 50% and 50% respectively. Motor 310-003 produced acceptable white and pink vibrations for all
tested powers, and acceptable brown vibrations when the power was larger than or equal to 50%.
Motor 306-10H produced acceptable white, pink, and brown vibrations when the power was larger than
or equal to 30%, 30% and 40% respectively. Finally, 307-103 produced acceptable white, pink, and

brown vibrations for all tested powers.
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Figure 16: Output's color as a function of power level - Hanging test
The gray shaded and rectangular area represents an acceptable range for the type of outputs (i.e., 0.1 from the ideal DFA ).

The red dot at 100% is the first obtained DFA a, which was the one used to select the input signal for each motor and vibratory
type (Figure 15). The first obtained DFA a (red dot) is displayed to show the reliability of the vibratory mat. The signal-to-noise
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40 60
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ratio information is directly related to each subplot.

Vibratory Outputs’ Colors - Static Test (Hypothesis 3)
Using a static test set-up, the vibrations’ type (White, Pink and Brown) as a function of power for all
motors (307-105, 310-003, 306-10H and 307-103) and simulated weights (34 kg, 75 kg, and 115 kg) with
their respective SN ratios are shown in Figure 17. Even though results are displayed for 307-105 across

all power levels in Figure 17, vibrations were not visually available when recording forces at powers
equal to or less than 60%. Across all vibration types and simulated weights, the respective SN ratios for
motors 307-105, 310-003, 306-10H and 307-103 were 0.9-2.4,1.1-22.2, 1.1-14.9 and 1.4-18.2. The
motor’s ability to output an acceptable vibration type (white, pink, or brown) in the static test set-up
was dependent on the power level and the simulated weight. Motor 307-105 produced acceptable

white vibrations when power was larger than or equal to 80% under a weight of 115 kg, and acceptable

pink vibrations when the power was larger than or equal to 70% under weights of 34 kg and 75 kg.
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Motor 307-105 did not produce acceptable brown vibrations; however, there was a tendency to
approach acceptable brown vibrations starting at 70% power for all weights. Motor 310-003 produced
acceptable pink vibrations for powers larger than or equal to 50% under weights of 34 kg and 75 kg, and
for powers larger than or equal to 60% under a weight of 115 kg. Motor 310-003 did not produce
acceptable white or brown vibrations; however, there was a tendency to achieve white and brown
vibrations for all weights starting at powers around 60% and 30% respectively. Motor 306-10H produced
acceptable white vibrations for all weights and power levels. Motor 306-10H also produced acceptable
pink vibrations starting at 60% for weights of 75 kg and 115 kg and starting at 40% under a weight of 34
kg. Motor 306-10H did not produce acceptable brown vibrations; but from the start, motor 306-10H
tended to approach acceptable brown vibrations. Finally, motor 307-103 produced acceptable white
vibrations for all powers and weights, and acceptable pink vibrations for all weights starting at 60%
power. Motor 307-103 was not able to produce acceptable brown vibrations; but similar to motor 306-

10H, motor 307-103 tended to approach acceptable brown vibrations as power increased.
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Figure 17: Output's color as a function of power level and simulated weight - Static test

The gray shaded and rectangular area represents an acceptable range for the type of outputs (i.e., 0.1 from the ideal DFA a).
For motor 307-105, it was not possible to visualize a signal under various conditions. In fact, it was not possible to visualize a
signal in motor 307-105 when the power level was less than or equal to 60%. The signal-to-noise ratio information is directly

related to each subplot. Black, red and blue lines respectively represent a simulated weight of 34 kg, 75 kg, and 115 kg.

Vibratory Outputs’ Colors - Static vs. Hanging Test (Hypothesis 4)

Figure 18 shows the DFA results obtained from the static tests (Figure 17) plotted against the DFA

results obtained from the hanging tests (Figure 16). No motor showed strong or valuable correlations

between the DFA results obtained from the hanging and static test set ups.
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Figure 18: Relation between output colors calculated from static and hanging tests

The gray shaded and rectangular area represents an acceptable range for the type of outputs (i.e., 0.1 from the ideal DFA ).
The circles indicate the lowest power level, which is the start of the relation. DFA aep indicates results from the Static Test set up
(FP: force plate), while DFA aa. indicates results from the Hanging Test set up (Acc: Accelerometer). Black, red and blue lines
respectively represent a simulated weight of 34 kg, 75 kg, and 115 kg.

Discussion
The goal of this chapter was to quantify the vibratory mat’s output in universal units (Newtons and

Hertz), and to experimentally validate its output types (white, pink, and brown vibrations). The results

showed that it was possible to quantify the magnitude of the vibrations generated by the mat, and that

acceptable white, pink, and brown vibrations are achievable.

Forces and Frequencies Exerted by the Vibratory Mat (Hypotheses 1 and 2)
Hypothesis 1 stated that the forces and frequencies exerted by the mat were not affected by the

participant’s weight standing on it, making hypothesis 1 partially valid. Due to the non-significance from

the coefficient linked to the simulated weight in the regression equations (Table 8), the vibratory mat’s
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force was not significantly affected by the simulated weights under the settings 307-103 LF and 306-10H
RF. This was supported by the comparisons of prediction bounds in both settings, since the predictions
bounds of all simulated weights overlapped with each other at all power levels (Figure 11). On the other
hand, the vibratory mat’s force under the settings 310-003 BF and 310-003 RF were affected by the
simulated weights since the coefficient linked to the weight (Table 8) was significant, and no predictions
bounds overlapped with each other (Figure 11). The other settings showed significance in the coefficient
linked to the simulated weight and overlaps of prediction bounds at low and middle power levels (i.e.,
20% to ~70%). Therefore, one method states that the simulated weight affects the mat’s exerted force,
and another one states the opposite for a range of powers. The effect of participants’ weight on the
source of vibration or indentation in the skin at the bottom of the feet has not been investigated before,
so it is not possible to compare our results with previous discoveries. Studies that have used indentation
[24], [25], [52], [54]—-[59] are not expected to be severely affected by the participant’s weight, since an
indenter will always move the anticipated distance as long as the device is in motion and has enough

power.

In terms of the vibratory mat’s exerted frequency, the simulated weight did not have a large impact on
the exerted frequency when compared to the exerted force. The coefficient linked to the simulated
weight in the regression equations (Table 9) was significant only for the settings 307-103 LF and 306-10H
BF. However, overlaps of prediction bounds happened in all motors and feet settings at all power levels
(Figure 12), indicating that the weight does not affect the vibratory mat’s exerted frequency. Due to the
almost perfect results, it is possible to claim that the vibratory mat’s exerted frequencies are not
significantly affected by the participant’s weight. The recommended range of frequencies for SR at the
feet introduced by vibration is 200 Hz to 300 Hz [71]-[73], which has been achieved by few SR studies
[12]-[14], [21], [27]. The ranges of frequencies offered by the vibratory mat are 120 Hz to 360 Hz, 60 Hz

to 360 Hz, 60 Hz to 320 Hz, and 30 Hz to 300 Hz respectively for the motors 307-105, 310-003, 306-10H
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and 307-103 (Figure 10). Motors 307-105 and 310-003 reach frequencies above 200 Hz when their
power level is larger than or equal to 50%, while motors 306-10H and 307-103 reach frequencies over
200 Hz for power levels larger than or equal to 60%. This indicates that our vibratory mat might operate
at frequencies that are not physiologically recommended; something that other designs have done.
Successful SR studies have introduced vibratory signals between frequencies that do not cover the
recommended ones: 40 Hz to 120 Hz [10]; 0 Hz to 100 Hz [11], [15]-[17], [20], [22], [28], [47]-[49], [51],
[55], [60], [61]; 0 Hz to 200 Hz [23]; and 0 Hz to 120 Hz [26]. This shows that even though a frequency
range is preferable from a physiological point of view, it is still possible to improve postural stability

when such frequencies are not used.

Ideally, a vibratory mat’s forces and frequencies would not be affected by the participant’s weight at any
power level or feet setting. The vibratory mat’s best performance approached this goal when motor
307-103 was used. However, all motors showed a strong robustness in terms of exerted frequencies.
Regarding the exerted forces, statistical results that supported hypothesis 1 were not obtained. Even
though it was stated that the simulated weight significantly affected the vibratory mat’s exerted forces,
it is valid to point out that the differences caused by the simulated weights are expected to be relatively
small. Visually in Figure 11, it is only possible to notice differences in the exerted force across weights for

310-003 BF, 310-003 RF and 306-10H LF.

The first part of hypothesis 2 stated that there were repeated forces and frequencies across multiple
motors for a given feet setting, making the first part of hypothesis 2 partially valid. Across each feet
setting (LF, BF, and RF), exerted forces that were not statistically different between motors were found
at low power levels, with the exception of motors 310-003 RF and 306-10H RF under a 34 kg simulated
weight, which showed similar exerted forces at all power levels (Figure 11). On the other hand, exerted

frequencies that were not statistically different between motors were found across all feet settings and
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power levels (Figure 12). The initial intention of the vibratory mat was to offer 4 different motors that
were independent of each other. From previous comments, the goal was not 100% achieved. Repeated
forces and frequencies were obtained when multiple motors were compared with each other. However,
even though it was not a statistically inferred result, Figure 14 shows force-frequency separations
between motors 307-103, 306-10H or 310-003, and 307-105. This suggests that the vibratory mat could
potentially offer three types of force-frequency groups: high force and medium frequency (307-103),
medium force and medium frequency (306-10H or 310-003), and low force and high frequency (307-
105). Offering various combinations of force-frequency follows previous results and recommendations
[52], since it was found that the optimal vibration that improved gait in humans was defined by both
magnitude and frequency. Finally, the results in Figure 14 agreed with the information provided by
Precision Microdrives on their motors, except for the overlapping between 306-10H and 310-003.
According to Precision Microdrives, 306-10H is stronger than 310-003, which is distinct to our results.
However, it must be pointed out that Precision Microdrives rates their motors through the Hanging Test,
and our results are based on the Static Test. This potentially suggests that when motors 310-003 and

306-10H are embedded in silicone and compressed, they output similar vibrations.

The second part of hypothesis 2 stated that there were repeated forces and frequencies across various
feet settings within a motor, making the second part of hypothesis 2 valid. Within a motor, Figure 11
shows that exerted forces that are not statistical different occur between the feet settings LF and RF.
Within a motor choice, an ideal vibratory mat should exert similar forces under the LF and RF settings,
and different ones under the BF setting when compared to the LF and RF settings. The uniformity
between LF and RF was better achieved as the motor size increased. Motor 307-103 under a weight of
34 kg was able to exert similar forces at all power levels under the feet settings LF and RF. In terms of
exerted frequency, the uniformity between LF and RF was not exclusive to a single motor and simulated

weight. Figure 12 shows that the exerted frequencies did not statistically differ between feet settings for
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all power levels and weights. This suggests that the ideal uniformity between the LF and RF settings was
easier to achieve in terms of frequency, compared to force. Although it was not a result inferred from a
statistical analysis, the previous observations are visually validated by Figure 13. Motor 307-103 shows
uniformity between the LF and RF settings, and differences between the BF and LF/RF settings. When
compared to motors 307-105, 310-003 and 306-10H, motor 307-103 visually shows a more defined
overlap between LF and RF forces and frequencies, and a more defined separation between BF and
LF/RF forces and frequencies. While fabricating the vibratory mat, all motors received equal quality
checks and manufacturing techniques, suggesting that motor 307-103 could be the most resilient of the
four on this new application (i.e., vibratory mat). This means that future vibratory SR studies have
another strong option when selecting their vibrating component, in addition to considering the most

common one: C-2 Tactors by Engineering Acoustics, FL [11]-[15], [17], [20], [22], [51], [52].

Vibratory Outputs’ Colors - Hanging and Static Tests (Hypothesis 3)

Hypothesis 3 stated that more accurate output colors are obtained as motor size and power increase,
making hypothesis 3 valid. Based on both testing set ups (Hanging Test: Figure 16, and Static Test: Figure
17), it was evident that motor 307-105 had the most difficulty in achieving output colors within the
acceptable ranges, and that motor 307-103 had the least issues producing output colors within the
acceptable ranges. The ability to produce accurate white, pink, or brown vibrations was more evident in
the hanging test set-up (Figure 16) than in the static test (Figure 17), which could be explained by the SN
ratio of each test. The hanging test had SN ratios between 1 and 71, and that the static test had SN
ratios between 0 and 23, making the hanging test results more reliable. Therefore, it is valid to state that
the motors used in this study (307-105, 310-003, 306-10H and 307-103 from Precision Microdrives, UK),
when isolated, can produce accurate white, pink, and brown vibrations for various power levels (Figure
16). However, it must be reminded that the static test set-up is a more realistic environment for our

application, compared to the hanging test. So, whether the hanging test results are applicable when the
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motors are embedded in a vibratory mat and compressed by a participant, remains to be determined in
a future study. Figure 17 shows strong possibilities that they are applicable since as SN ratios increased
in the static test results, vibratory outputs fell more in the acceptable ranges as it happened in the
hanging test results. This indicates that our vibratory device has evidence that it can produce different
and accurate types of vibrations (white, pink, and brown), following previous recommendations [11],
[15], [51], [68], [81], [82], and that such evidence can expand further than what our current results do

today.

Despite the reliability importance of SN ratios while indicating if a vibratory output is white, pink, or
brown, the output qualities must be considered in the discussion as well (Figure 15). A white signal is the
most stationary signal out of the three (i.e., signal’s average equal to 0), while a brown signal is the least
stationary one [80], [92]. This means that a SN ratio better represents the behavior of a white signal
when compared to a brown one. This was reflected in the hanging test results for the brown outputs in
motors 307-105, 310-003 and 306-10H (Figure 16). At low powers, the three motors did not yield
accurate brown vibrations, showing a heel in their plots. This heel was exaggerated in the static test
results (Figure 17), since it was more dominant in the brown outputs, and due to its presence in pink
outputs and motor 307-103. This indicates that future studies that validate vibratory outputs in a static
test setting should focus on using instrumentation with a higher resolution than the one we used,

especially when pink and/or brown vibrations are studied.

Vibratory Outputs’ Colors - Static vs. Hanging Test (Hypothesis 4)

Hypothesis 4 claimed that there was a relation between the output colors obtained from the hanging
and static tests, making hypothesis 4 invalid. Figure 18 showed no potential of using the hanging test
results as a predictor of the static test ones. As previously mentioned, the static test represents a more
realistic environment, while the hanging test represents a less expensive and easier to accomplish

experiment. That explains our motivation to determine if future studies could test their vibrating
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components using a hanging test before manufacturing their vibratory device, thus saving money and
time. The current results do not show evidence of this being possible. However, this idea should not be
ruled out completely. The hanging test results had better SN ratios when compared to the static test
ones, making the comparison not ideal. An ideal comparison that could truly determine if the hanging

test results could predict static test results, is the one that has similar SN ratios in both test set ups.

Conclusion

The goals of this study were to quantify the force and frequency exerted by our vibratory mat, and to
experimentally validate if the intended output types (white, pink, and brown) were achievable. Both
goals were met. The vibratory mat’s force and frequency could be described by accurate quadratic
regression fits (R?2 > 0.7), and even though statistical differences were found when various weights were
placed on the mat, such differences were relatively small. It was also possible to conclude that all
motors were not independent of each other; however, they have the potential to offer three groups of
force-frequency relationships. It was possible to conclude that motor 307-103 was the most resilient
motor to be embedded in a vibratory mat and compressed by a participant. In terms of the accuracy of
the vibratory mat’s outputs, motor 307-103 was the best one at producing accurate white, pink, and
brown vibrations when it was and was not embedded in the mat. Current evidence shows average
confidence levels that the vibratory mat can produce accurate white, pink, and brown vibrations.
However, given the low SN ratios that the motors showed when tested inside the mat, and the high SN
ratios and positive results that all motors showed when tested outside the mat, it was concluded that
our current evidence can improve significantly if more sensitive instrumentation is used. This means that
the proposed vibratory mat has experimental evidence that it can produce white, pink, and brown
vibrations, and that such evidence could increase by changing the instrumentation that assesses the

mat.
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Chapter 5: Vibratory Mat’s Impact on Postural Stability (Pilot Study)
Abstract

Background: Stochastic resonance through subthreshold vibration under the feet is a strategy that can
improve postural stability in people of age and those with a somatosensory deficiency. The effect of
constant or white vibrations has been assessed by comparing people’s sway during and post stimulation
(relative to pre stimulation). Given that no study has investigated the effect of other vibrations on sway
(e.g., pink, or brown), this pilot study assessed the change in sway due to subthreshold white, pink and

brown vibrations under people’s feet.

Methods: Older adults (62.33 + 1.53 years) and young adults (24.67 + 3.06 years) who stood on a 1-inch
foam to simulate somatosensory deficiency, performed three 90-second sway trials (i.e., Center of
Pressure) with their eyes closed. The three sway trials consisted of pre, during and post subthreshold
vibration, and four different vibrations (white, pink, brown, and placebo) were administered to all
participants across four visits. Center of pressure measures of magnitude (Root Mean Square or 95%
Ellipse), predictability (Sample Entropy) and complexity (Detrended Fluctuation Analysis) were

extracted.

Findings: The use of a 1-inch foam under young adults’ feet simulated aging since it was not possible to
statistically differentiate the sensing threshold of both tested groups (p > 0.05). The impact of
subthreshold vibration on sway was dependent on how people’s sway was before, especially in terms of

predictability (Sample Entropy).

Interpretation: This pilot study added evidence to the use of external factors that could simulate aging in
young people (foam, cold feet, challenging stances, fatigue), which facilitates the experimentation of
new assistive technologies (i.e., easier to recruit and test young people than old people). The pilot study

also showed that the effect of subthreshold vibration could be dependent on the state of postural
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stability before the stimulation, and the type of administered vibration. Meaning that more than one

vibration could benefit a person’s postural stability, and that it might change from day to day.

Background

Fall prevention among people over the age of 65 is an unresolved goal that negatively affects a country’s
economy [1]-[3] and people’s quality of life [4], [5]. An increase of falls is a consequence of low postural
stability (PS), and low PS can be associated with somatosensory feedback deficiency at the feet [9]. The
somatosensory feedback in humans decays with aging [10]-[20], and it can be amplified in the presence
of neuromuscular diseases such as diabetes [21]—[23] or stroke [22], [24]. Low somatosensory feedback
can also be introduced or simulated in young populations who do not suffer from neuromuscular
diseases by cooling their feet [26], asking them stand on foam [47], or by inducing fatigue [27], [28]. This
simulated reduced somatosensory feedback in healthy young could serve and has been used as a model
in experiments focused on understanding the effects of and treatment for sensory deficits in older
adults. Introducing stochastic resonance (SR) at the feet through vibratory insoles or mats has shown to
improve PS by assisting the somatosensory feedback [30], [31]. SR is the addition of noise to a weak
signal that is below a sensory threshold level, so that the signal with the noise’s assistance can cross the

sensory threshold level, thereby enhancing detection and processing of a weak signal (Figure 2) [16].

—Signal Signal + Noise ---Threshold —— Above Threshold

Figure 2: Stochastic resonance graphical description

Stochastic resonance (SR) is the addition of noise to a signal that is below a threshold level so that the signal with the noise’s
assistance can cross the threshold level that it could not cross before.
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The impact of SR in PS through subthreshold vibration under the feet has been assessed in postural sway
(Center of Pressure: COP, or Center of Mass) [10]-[12], [14], [16]-[23], [26], [27], [47]—[49], and in other
biomechanical tasks such as gait [15], [48], [51], [53]. In sway, the effect of vibrating people’s feet below
their sensing threshold levels has been significant during [11], [14], [16], [17], [20]-[22], [26], [47] or
immediately after the vibration [18], [19], [27]. These studies have focused on the COP and/or center of
mass time series in the Anterior-Posterior (AP), Medial-Lateral (ML), and/or spatial directions. The
analysis typically consists of quantifying the magnitude [14], [16], [17], [21], [26], [27], [47],
predictability [47], and complexity [11], [17]-[20], [22], [27] of the selected time series. Even though
previous studies have analyzed the effect of white noise vibration on the COP time series (i.e., sway)
predictability and complexity, no study has analyzed the effect of vibrations that differ in predictability
and complexity (e.g., white, pink, and brown vibrations). All prior studies used either constant or white
vibrations, which does not follow previous design recommendations [68], conclusions [15], [81], [82]

and the importance of complexity and predictability in human PS [11], [81], [82].

While white or constant subthreshold vibration was administered under the feet, people’s sway reduced
in magnitude [14], [16], [17], [21], [26], [47], and increased in both predictability [47] and complexity
[11], [17], [20], [22]. Previous studies found that sway radius [16], [17], swept area [16], [17], [26], [47],
range [16], [17], curve length [14], [26], and Root Mean Square (RMS) [21] reduced during subthreshold
vibration when compared to the sway before the vibration. In addition, subthreshold vibration made
people’s sway more predictable during subthreshold vibration when compared to the sway before the
vibration (reduction of approximate entropy) [47]. Finally, subthreshold vibration increased sway’s
complexity while vibration was administered, by improving Stabilogram Diffusion Analysis’ measures
[17], [20], [22], as well as by increasing the complexity index of a multiscale sample entropy analysis

[11].
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After white or constant subthreshold vibration was administered under the feet, people’s sway reduced
in magnitude [27] and increased in complexity [18], [19], [27]. It was found that the swept area was less
affected after a fatigue test when vibration was administered, in comparison to the swept area when
vibration was not administered [27]. Similar to studies that investigated the effect of subthreshold
vibration while it was administered, studies that assessed the post-effect of subthreshold vibration
found that sway’s complexity increased due to vibration [18], [19], [27]. The only difference is that two
of them used Detrended Fluctuation Analysis (DFA) to reach such conclusion [18], [27], while the other

used the complexity index from a multiscale sample entropy [19].

All previous SR sway studies that used subthreshold vibration [10]-[12], [14], [16]-[23], [26], [27], [47]-
[49] derived their conclusions from statistical analysis on the change of sway. However, it has been
suggested that the impact of SR through subthreshold vibration could be dependent on the participant’s
PS before the vibration is applied [82]. That is, a personalized treatment, instead of a one treatment for
all. Two gait studies that vibrated people’s feet found this idea to be plausible [51], [53]. It was found
that the positive or negative change in certain gait parameters was dependent on the value of the gait

parameter prior to the vibration [51], [53].

Therefore, the relationship between the initial state of the system, the color of the subthreshold
vibration used as a treatment, and the effect of the treatment on the system is unclear. The purpose of
this pilot study is to explore the effect of subthreshold vibration in postural sway, when different types
of vibrations (white, pink, and brown) are introduced in a healthy old group, and in a healthy young
group that is under a balance deficit (1” foam). It is hypothesized that 1) the use of healthy young
participants with a simulated sensory feedback deficit (introduced using a 1” foam) is a potential model

to simulate age related somatosensory deficits, and 2) the efficacy of utilizing subthreshold vibration of
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distinct colors to change postural sway magnitude, predictability and complexity for postural sway

depends on their initial values and the color used.

Methods
Vibratory Mat

The vibratory mat whose design and validation are explained respectively in Chapters 3 and 4 was used
for this study. Briefly, the vibratory mat has 4 different motors (307-105, 310-003, 306-10H and 307-
103) from Precision Microdrives, UK, each offering various ranges of force and frequency. The motors
are placed under the heel, first and fifth metatarsal of each foot, and their locations are adjustable to
different people’s feet sizes. The vibratory mat can output white, pink, or brown vibrations at various
power levels, and such feature is independent of the participant’s weight. The power level of the mat is
controlled by a custom-built circuit and Arduino UNO (Arduino, MA). Finally, the vibratory mat has the
feature of determining the participant’s threshold through a modified and improved 421 protocol [94],
[95].

Participants

Three healthy older adults (HO: 1 male and 2 females; age: 62.33 + 1.53 years; height: 171.45 + 12.12
cm; weight: 83.27 + 13.31 kg), and three healthy young adults (HY: 1 male and 2 females; age: 24.67 +
3.06 years; height: 167.64 + 13.44 cm; weight: 61.97 + 14.85 kg) participated in the pilot study. All
participants were free of neuromuscular and cardiovascular diseases and were able to stand for 5
minutes without any assistance while keeping their eyes closed. The study was approved by the
Institutional Review Board of The University of Kansas, and all participants consented to participate in

the study.

Experimental Protocol
The experimental design consisted of two groups and four vibration color treatments. The participant

visited the Biodynamics Laboratory 4 times, separated by at least one night. The same protocol was
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used for all visits. Across the four visits, each vibration color (white, pink, brown, and placebo) was used
for only one visit, with the color order being random for each participant. Only the HY participants stood

on a 1” foam across all sway trials to simulate a somatosensory feedback deficiency [26]-[28], [47].

All sway trials were standardized by keeping people’s heels 17 cm apart [93], and their toes pointing
forward. In addition, across all sway trials the participants were instructed to close their eyes, stand
barefoot, keep their hands at the side, and stand naturally without speaking. Eyes closed were kept
across all trials, since it was desired to see how subthreshold vibration assisted both groups when their

PS was challenged [11], [16], [17], [20]-[23], [47]-[49].

The vibratory mat was on top of a force plate (AMTI, Watertown, USA) and the participant stood for 90
seconds. The force plate kinetic data were recorded at 2500 Hz using a 16-bit A/D CED Power mkll and

Spike2 (Cambridge Electronic Design, UK). The following provides the details for each trial collected.

1. Trial 1 (BLmat): The participant standing on the vibratory mat without vibration, serving as the
baseline trial on the mat.

2. Trial 2 (STIM): The participant’s sensing threshold was determined using the modified 421
protocol [94], [95], and the 307-103 motors. After a 2-minute break, the participant stood on
the vibratory mat and received the vibration treatment administered at 90% of their sensing
threshold [10]-[12], [14], [16], [17], [20]—[23], [27], [47]. The 307-103 motors were used, and
the vibration lasted 90 seconds.

3. Trial 3 (To): Immediately after the vibration treatment, the participant’s sway was recorded

while standing on the vibratory mat without any vibration.

Data Analysis
All data analysis was done in MATLAB R2020b (MathWorks, MA, USA). From each sway trial (BLmat, STIM,

and Ty), the COP was calculated in the AP and ML directions. The COPap and COPy, time series were low-
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pass filtered with a cut-off frequency equal to 20 Hz to remove any motor vibration from the sway time
series [21], [27], [49]. This was only required in the non-placebo vibration sway trials (3 out of 4 STIM

trials); however, it was decided to apply the low-pass filter in all sway trials for consistency. Using the

filtered data, the spatial COP was calculated using COPspqtiqr = \/COPjP + COPZ,, and all directions
(AP, ML, and spatial) were downsampled to 50 Hz in line with best practices for variability measures
such as entropy and fractality, which were part of the pilot study. Out of the nine time series ([BLwmat,
STIM, To] N [COPap, COPmi, COPspatial]), measures of magnitude, predictability and complexity were

extracted.

The magnitude of the COPsr and COPw was represented by the Root Mean Square (RMS) of the time
series, and the magnitude of the COPspatial Was represented by the 95% ellipse. The predictability in all
time series was represented by the Sample Entropy (SampEn) [88], which was calculated with m = 2, and
R = 0.1. Finally, the complexity in all time series was represented by the slope of the log-log curve (a)
obtained from a Detrended Fluctuation Analysis (DFA) [79], [80], whose tmin = 0.5 s and tmax = 15 s (or,
Nmin = 25, Nmax = N/6). Using m = 2 and R = 0.1 for the SampEn, and tmin = 0.5 s and tmax = 15 s for the DFA

followed the suggestions made in previous parameter studies [97], [98].

Only in the non-placebo STIM sway trials, the ground reaction forces were used to determine the
rectified force that the motors exerted during the sway trial. This methodology was detailed in Chapter
4, but briefly, it required to band-pass filter the ground reaction forces between 20 Hz and 400 Hz to
remove any sway from the data [21], [27], [49]. Next, the filtered data were rectified consecutively over
time windows equal to 0.1 seconds. The rectified and filtered forces of the motors was used in a DFA
(tmin = 0.5 s and tmax = 15's, Or Nmin = 5, Nmax = N/6) to assess the accuracy of the output’s color. These
results were included in the Appendix of this chapter and complemented the validation study of Chapter

4.
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Statistical Analysis
Three statistical analyses done in MATLAB 2020b (MathWorks, MA, USA) were performed in this study.

First, a two-sample t-test was done between the 90% sensing thresholds of the HO and HY groups (HY
stood on a 1-inch foam). Second, for each subject group (HO and HY), direction (AP, ML and Spatial) and
measure (RMS or 95% Ellipse, SampEn, and DFA a), a linear regression model was fitted between how
much a measure changed between trials (STIM vs. BLmat, To VS. BLmat, and To vs. STIM), and the initial
value of such measure (measfinal — measinitiar € measl-nm-al). Data from all vibration colors were
used in the regressions, meaning that differentiation between the vibration colors did not take place in
the statistical analysis. In a future study, the effect of color will be investigated; but given the low
number of participants in this pilot study, it was decided to not draw conclusions between the colors.
Last, a power analysis to estimate the required number of participants to find statistical differences was
done for each direction and measure. This was done between STIM vs. BLyat, To VS. BLvat, and To vs.
STIM, and separated by vibration color and group. The results of the power analysis were not included in
the results of this chapter, but in the appendix. The level of statistical significance across all results was p

<0.05.

Due to the low number of participants per group, the four visits per participant were assumed to be
independent of each other. It is acknowledged that the results of this study do not consider the
connection between visits for each participant. However, for the purpose of this pilot study, which is to

provide guidance for a future study, we accepted the limitations of this assumption.

Results
Sensing Thresholds
The 90% of the sensing thresholds for the HO and the HY (who stood on a 1-inch foam) are shown in

Figure 19. No significant differences (p > 0.05) were found between the two groups.
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Figure 19: 90% Threshold for old and young plus foam groups

THR = Threshold. Healthy young (HY) and healthy older adults (HO) did not show statistical differences in sensing thresholds (p >
0.05). The bar plot includes sensing thresholds from all visits, meaning that there is a connection within each participant across
their four visits. Although the sensing threshold is displayed in percent of a sensing threshold, these results can be converted
using the regressions and figures provided in Chapter 4.

COP Changes Based on COP Initial Values

All DFA o’s that were calculated were considered to be reliable, since the lowest DFA R? among all trials

and participants was 0.94. The reliability of the DFA a’s will not be considered further.

Figure 20 shows the effect of subthreshold vibration on sway while the stimulation was administered
(STIM) with respect to the sway before the vibration (BLwat). Detailed results from the regressions are
included in the chapter’s appendix, and only the ones with R%,4; > 0.5 are mentioned in the discussion.
Negative relations were found for the 95% ellipse, AP SampEn, and DFA a in the ML and Spatial
directions. The indication that the sway 95% ellipse and AP SampEn were reduced during subthreshold
vibration when such variables were initially large (and vice versa), was more reliable in the HY (95%
Ellipse R%,q; = 0.631, AP SampEn R%gq; = 0.642) than in the HO (95% Ellipse R%qj = 0.111, AP SampEn R%,q; =
0.268). On the other hand, the indication that the ML and Spatial DFA o’s were reduced during

subthreshold vibration when they were initially large (and vice versa), was more reliable in the HO (ML
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DFA a R%q = 0.620, Spatial DFA a R?%q; = 0.500) than in the HY (ML DFA a R%,q; = 0.154, Spatial DFA a R%,q;
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Figure 20: Effect of subthreshold vibration while it was administered relative to pre-vibration

Marker Shape Legend: o = Heathy Old (HO), o = Healthy Young + Foam (HY). Marker Color Legend: . = White Vibration, . =
Pink Vibration, . = Brown Vibration, . =Sham Vibration. Regression Line Color Legend: | = Healthy Old (HO), eee = Healthy
Young + Foam (HY). Rows represent the magnitude (RMS or 95% Ellipse), predictability (SampEn), and complexity (DFA a) of COP
sway in the AP, ML, and Spatial directions (columns). Units of RMS (AP and ML) are 95% (Spatial) respectively are m and m?.
SampEn and DFA a are unitless measures. In each subplot, the y-axis represents the change in measure between STIM and BL yqt,
while the x-axis represents the measure extracted from BLyq:. Although all regressions are displayed, the ones mentioned in the

discussion (R?qq; 2 0.5) are Spatial 95% Ellipse HY, AP SampEn HY, ML DFA a HO, and Spatial DFA a HO.
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Figure 21 shows the effect of subthreshold vibration on sway after the stimulation was administered (To)

with respect to the sway before the vibration (BLwuat). Detailed results from the regressions are included

in the chapter’s appendix, and only the ones with R%,4; > 0.5 are mentioned in the discussion. Negative

relations were found for the sway ML RMS, and SampEn in the ML and Spatial directions. The reduction

of RMS in the ML direction between post- and pre- vibration due to initial large ML sway, was present in

the HO (ML RMS R?,q; = 0.590); not in the HY (ML RMS R2,4; = 0.002). The reduction of Spatial SampEn

between post- and pre- vibration due to initial large Spatial SampEn, was more reliable in the HY (Spatial

SampEn R%g; = 0.581) than in the HO (Spatial SampEn R%,q; = 0.488). Similarly, this also occurred for ML
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SampEn; however, more reliability was found in the HO (ML SampEn R2,4; = 0.409) than in the HY (ML
SampEn R%g; = 0.336). Even though similar regression equations were not found between the two

groups, it was noticeable that HO showed steeper slopes for ML and Spatial SampEn when compared to
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Figure 21: Effect of subthreshold vibration after it was administered relative to pre-vibration

Marker Shape Legend: o = Heathy Old (HO), o = Healthy Young + Foam (HY). Marker Color Legend: . = White Vibration, . =
Pink Vibration, . = Brown Vibration, . =Sham Vibration. Regression Line Color Legend: | = Healthy Old (HO), eee = Healthy
Young + Foam (HY). Rows represent the magnitude (RMS or 95% Ellipse), predictability (SampEn), and complexity (DFA o) of COP
sway in the AP, ML, and Spatial directions (columns). Units of RMS (AP and ML) are 95% (Spatial) respectively are m and m?.
SampEn and DFA a are unitless measures. In each subplot, the y-axis represents the change in measure between Tp and Blyat,
while the x-axis represents the measure extracted from BLyq:. Although all regressions are displayed, the ones mentioned in the
discussion (R?qq; 2 0.5) are ML RMS HO, ML SampEn HO, Spatial SampEn HO, ML SampEn HY, and Spatial SampEn HY.

Figure 22 shows the effect of subthreshold vibration on sway after the stimulation was administered (To)
with respect to the sway during the vibration (STIM). Detailed results from the regressions are included
in the chapter’s appendix, and only the ones with R%4; > 0.5 are mentioned in the discussion. In HO,
reliable negative relations were found for ML RMS (R%q; = 0.560), ML SampEn (R%q; = 0.814), and Spatial

SampEn (R%gq; = 0.669). In HY, a negative relation was found for AP RMS (R%q; = 0.494).
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Figure 22: Effect of subthreshold vibration after it was administered relative to while it was administered

Marker Shape Legend: o = Heathy Old (HO), o = Healthy Young + Foam (HY). Marker Color Legend: . = White Vibration, . =
Pink Vibration, . = Brown Vibration, . =Sham Vibration. Regression Line Color Legend: | = Healthy Old (HO), eee = Healthy
Young + Foam (HY). Rows represent the magnitude (RMS or 95% Ellipse), predictability (SampEn), and complexity (DFA a) of COP
sway in the AP, ML, and Spatial directions (columns). Units of RMS (AP and ML) are 95% (Spatial) respectively are m and mZ2.
SampEn and DFA a are unitless measures. In each subplot, the y-axis represents the change in measure between To and STIM,
while the x-axis represents the measure extracted from STIM. Although all regressions are displayed, the ones mentioned in the
discussion (R?qq; 2 0.5) are ML RMS HO, ML SampEn HO, Spatial SampEn HO, and AP RMS HY.

Discussion

The first purpose of this pilot study was to investigate the use of healthy young people with a simulated
deficit (1-inch foam) instead of old participants in SR studies. The second purpose was to explore if
changes in sway due to subthreshold vibration are dependent on how the participant’s sway is before
the stimulation. Even though various types of vibration (white, pink, and brown) were used in the pilot
study, it was not possible to statistically conclude which vibration type was better at improving postural
sway due to our low sample size. However, it was still possible to show that the HY with a simulated
sensory deficit (1-inch foam under their feet), is a strong possibility to simulate aging in SR studies. The
pilot study also showed that it is likely plausible that some of the changes in sway due to subthreshold

vibration are dependent on how the participant’s sway is before the stimulation.
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Young Participants + 1 Inch Foam = Old Participants?
Hypothesis 1 stated that the HY with a simulated sensory deficit (1-inch foam) could simulate HO in SR

studies, and it was found to be mostly valid. It is accepted that older populations have a higher sensing
threshold compared to young populations [74], and this has been seen in previous SR studies [12]-[14],
[20]. In our SR pilot study, it was not possible to statistically differentiate the sensing thresholds of the
HO and HY who stood on a 1-inch foam (Figure 19). When determining the sensing thresholds for all
participants in the pilot study, the same protocol was used. Both groups used the 307-103 motor in the
vibratory mat, followed the modified 421 protocol [94], [95], and received vibrations at their heels, first
and fifth metatarsal. Thus, our inability to find a statistical difference between the sensing threshold of
HO and HY participants can be justified by the use of the 1-inch foam. Although our sensing threshold
results show high possibilities of using foam as an aging factor in SR studies, our COP results showed

differences between the HO and HY participants who stood on a 1-inch foam.

The impact of subthreshold vibration was analyzed through three comparisons: During- vs. Pre-Vibration
(Figure 20), Post- vs. Pre-Vibration (Figure 21), and Post- vs. During-Vibration (Figure 22). If foam were to
age HY participants in SR studies, similar results should had been found for the HY and HO participants.
This ideal case only occurred in the comparison of Post- vs. Pre-Vibration (Figure 21) for the ML and
Spatial SampEn measures. However, this result should not be considered as proof that foam or other
balance deficiencies are not valid strategies to simulate aging in SR studies. Previous SR studies that
used sensory deficiencies in HY participants (cooling feet [26], foam [47], and fatigue [27]) obtained
similar results to other SR studies that tested HO participants [14], [16]-[19], [26], [47] or populations
with a neuromuscular disease [21]. Therefore, our results show that foam is a strong candidate to
simulate aging in SR studies that investigate sensing threshold, and how subthreshold vibration affects

the predictability of sway when the post- and pre-stages of vibration are compared.
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Impact of Subthreshold Vibration

Hypothesis 2 stated that the impact of subthreshold vibration on sway was dependent on the state of
the participant’s sway prior to stimulation, and it was found to be valid. Reliable correlations were found
in all three comparisons (During vs. Pre, Post vs. Pre, and Post vs. During) for both groups (HO and HY

who stood a 1-inch foam).

During vs. Pre: When assessing how subthreshold vibration impacted the participants’ sway during the
stimulation (relative to how the participants’ sway was initially, Figure 20), it was determined that in HY
subthreshold vibration reduced sway magnitude (95% Ellipse) and increased predictability (AP SampEn)
when initial large values were present. The reduction of sway magnitude during subthreshold vibration
in HY is a result obtained by other SR studies [16], [17], [26], [47]. The reduction has also been found in
HO [14], [16], [17] and diabetic [21] populations, making our results consistent with others’ discoveries.
Similarly, a previous SR study determined that subthreshold vibration increased predictability in HY [47].
However, all previous SR studies’ conclusions were generic, while ours are dependent on the initial sway
values of magnitude and predictability. While most of our results for the HY suggest that subthreshold
vibration reduced their sway magnitude and increased predictability, we also obtained results that
suggest the opposite (i.e., subthreshold vibration increased sway magnitude and reduced predictability).
That is, the obtained correlations showed a “break point” that decided whether subthreshold vibration
increased or reduced the sway swept area or AP SampEn in the HY participants who stood on a 1-inch

foam.

In HO, it was determined that subthreshold vibration reduced complexity (ML and Spatial DFA) when
large initial values were present (Figure 20). At a first glance, our results do not seem to agree with
previous SR studies since they had found that subthreshold vibration adds complexity to the sway of HO
[11], [17], [22], diabetic [22] and stroke [22] populations. However, consider that complexity in terms of

DFA a is defined as how close it is to 1.0 (pink) [92]. The obtained correlations for ML and Spatial DFA
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show “break points” around 1.15, and negative slopes. That means that complexity was added when
initial small values of DFA a were present, which agrees with previous SR studies [11], [17], [22]. In fact,
the “break points” and negative slopes means that the current results are consistent with another SR
study that found a reduction of complexity due to subthreshold vibration [20]. Considering that the
effect of subthreshold vibration is dependent on initial sway values opens the possibilities of adding

[11], [17], [22] and subtracting [20] complexity, instead of choosing one of the two as a conclusion.

Post vs. Pre: When assessing how subthreshold vibration impacted the participants’ sway after the
stimulation (relative to how the participants’ sway was initially, Figure 21), it was determined that in HO
subthreshold vibration reduced sway magnitude (ML RMS) and increased predictability (ML and Spatial
SampEn) when initial large values were present. A SR study that simulated aging in HY through fatigue
also obtained a reduction of sway magnitude after subthreshold vibration was administered [27].
Although the agreement of results come from two different groups, it is possible to connect both
discoveries if Hypothesis 1 is valid. Other SR studies found significant changes in sway complexity due to
vibration [18], [19], [27]; but we did not. However, we found significant changes in sway predictability
due to vibration in HO (ML and Spatial SampEn) and HY (Spatial SampEn) participants, and they are

dependent on their initial values.

In the Post vs. Pre comparison, sway predictability (Spatial SampEn) was affected by subthreshold
vibration for both HY and HO participants. However, it was noticed that the rate of change in Spatial
SampEn was steeper for the HO participants when compared to the HY ones. This could indicate that
subthreshold vibrations could have a larger impact in old populations who suffer from natural
somatosensory deficiencies. In other words, subthreshold vibration has the potential to improve PS in

populations who need it most.
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Post vs. During: When assessing how subthreshold vibration impacted the participants’ sway after the
stimulation (relative to how the participants’ sway was during the stimulation, Figure 22), it was
determined that in HO subthreshold vibration reduced sway magnitude (ML RMS) and increased
predictability (ML and Spatial SampEn) when large values were present during the stimulation. Even
though post- vs. during vibration analysis on HO were not found, the reduction of sway magnitude and
increase of sway predictability seems to be a common conclusion. In HY, it was determined that sway
magnitude (AP RMS) was reduced due to subthreshold vibration when large values were present during
the stimulation. However, a previous SR study found that subthreshold vibration increased the sway
magnitude in HY after it was administered [47]. This is opposite to what other studies had observed (i.e.,
reduction of sway magnitude); but this observation does not go against our results since our correlation

analysis allows for the magnitude to increase or reduce (i.e., break point and negative slope).

Conclusion

In conclusion, this pilot study showed evidence that using young participants under a balance deficit is a
valid way to simulate old participants in SR studies [26], [27], [47]. It was also concluded that the effect
of subthreshold vibration on sway has a dependency on how the sway is before the stimulation,
supporting the statistical analysis used in human gait SR studies [51], [53]. Therefore, future studies
should continue the investigation of SR through various vibration colors (white, pink, and brown) [11],
[15], [68], [81], [82], and analyze their results from a perspective that targets personalized treatments

instead of a global treatment.
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Chapter 6: Conclusions
Major Findings

The first goal of this dissertation was to design, manufacture, and validate a vibratory mat that could
introduce stochastic resonance (SR) through the plantar surface of people’s feet. The second goal was to
assess the impact of various subthreshold vibrations (white, pink, and brown) on people’ postural sway.

All goals were met, and the major findings were:

1. In Chapter 3, it was found that an alternative vibratory mat to the most-reported vibratory
device [11]-[14], [17], [20], [22] could be used in future SR studies. The proposed vibratory mat
met all current design requirements [68], [69], and new ones that increase the likelihood of
being used by the targeted populations. The biggest advantage of our vibratory mat over the
most widely reported one, is the cost. Our vibratory mat’s manufacturing cost is around $300,
while the most-reported one’s manufacturing cost is around $4,000.

2. In Chapter 4, we were able to quantify the forces and frequencies that our vibratory mat exerts,
allowing the comparison of results with future SR studies that use different vibratory devices. It
was also experimentally validated that our vibratory mat could output accurate white, pink, and
brown vibrations [79], [80] for various participants’ weights and power levels. The accuracy and
reliability of the vibratory mat’s outputs increased as both the strength of the vibratory
components (or motors) and power levels increased. Although it sounds as if our vibratory mat
is only reliable when large motors and power levels are used, it must be pointed out that
supporting evidence that our vibratory mat exerts accurate white, pink, and brown vibrations
was obtained. In fact, it was concluded in Chapter 4 that such evidence can be expanded with
further testing. A vibratory mat that accurately outputs white, pink, and brown vibrations
follows previous design recommendations [68], conclusions [15], [81], [82] and the importance

of complexity and predictability in human postural stability [11], [81], [82]
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3. Inchapter 5, positive evidence towards the simulated aging effects of young people through
foam under their feet was obtained. This finding agrees with other studies that simulated aging,
or other postural stability deficiencies, in young populations [26], [27], [47]. It was also found
that the effect of subthreshold vibration under the feet could be dependent on the state of
sway prior to the vibration [51], [53], as well as the to the type of vibration [82]. Finally, our
results indicated that subthreshold vibration has the tendency of reducing sway magnitude and

increasing predictability, as other studies have reported [14], [16], [17], [21], [26], [27], [47].

Studies’ Limitations

As all studies, this dissertation was presented with limitations, and some of them were accredited to the

COVID-19 pandemic which stagnated our recruitment and testing efforts.

In the design of the vibratory mat (Chapter 3), it is acknowledged that the estimated costs and codes
could be outdated within a few or many years. It is no secret that the cost of electrical components and
building materials change with time. It is also possible that an Arduino or MATLAB update could make
our codes and libraries outdated, not allowing our system to run as it is explained in this dissertation.
Finally, the time of manufacturing is around 4 days, not allowing this device (as of today) to be largely

produced. Further investigations on how to make the manufacturing process more efficient is required.

Regarding the first part of the vibratory mat’s validation (Chapter 4), only one vibratory mat was tested,
and it was tested once. Best practices in quality/validation studies suggest testing multiple versions of
the same product, since they allow reliability analyses that can improve manufacturing and design
practices. Due to cost and time constraints, we were only able to manufacture and test one vibratory
mat. Also, best practices in regression analysis suggests testing a product more than once to see if their
results change over time (i.e., tuning and validation data). The results presented in Chapter 4 required

around 72 hours of testing time alone, without counting set-up and time between tests. This reflected
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between 6 and 8 weeks of testing. Given the large time commitment to test one vibratory mat, it was
agreed by the Biodynamics Laboratory that one session of testing in the manufactured vibratory mat
was OK for this dissertation. Therefore, Chapter 4’s limitations in terms of quantifying the vibratory

mat’s outputs are summarized by the following list.

e A quick test that would allow the investigator to know if the vibratory mat’s performance
changed over time was not available.
e The quality and reliability of the manufacturing process was not tested. Therefore, it is unknown

whether a future vibratory mat will behave as described in this dissertation.

In the second part of the vibratory mat’s validation (Chapter 4) when using the force plate to determine
the color of the vibratory mat’s outputs, low signal-to-noise ratios were obtained. This reflected less

reliable results when compared to results obtained through an accelerometer (i.e., large signal-to-noise
ratios). To address this unbalance, a regression or statistical analysis that used the signal-to-noise ratios

as weights could had been performed.

In the assessment of how subthreshold vibration impacted postural sway (Chapter 5), a pilot study on 2
groups, each with 3 participants, was conducted. The low sample size did not allow us to conduct
statistical analyses that could indicate which type of vibration (white, pink, or brown) was more
beneficial to the participants. However, despite the low sample size in the pilot study, it was concluded
that the effect of subthreshold vibration on postural sway was dependent on the state of postural
stability prior to the stimulation. Regardless of the low sample size the following list shows some of the

analyzes that were not performed, limiting our pilot study.

e A statistical analysis within each participant was not performed, therefore the variability of each

participant across visits was not quantified.
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e The connection between the four participant’s visits was not quantified, which creates a
dependency within the data.

e Nine extracted measures were used in the regressions, creating many observations. A more
concise list of measures should had been used to draw stronger conclusions.

e A control group was not used in the statistical analysis, which did not allow us to state if the
listed conclusions or observations were significant. Control data were available in the pilot
study, and it was comprised of the placebo stimulation. The placebo data could be used as the
control data either within each participant or across all participants.

e Retention was not quantified or addressed.

Future Projects

Given the studies’ limitations listed above, as well as the results obtained in this dissertation, these are
proposed future projects that could further investigate the effect of subthreshold vibration in postural

stability:

e Asecond vibratory mat should be manufactured and tested as it was done in Chapter 4. The
results from this new vibratory mat should be compared to the results of this dissertation and
decide if changes in the manufacturing process should be made to ensure manufacturing
reliability.

e The current and future vibratory mats should be tested at least one more time using all or some
of the methodology described in Chapter 4 to analyze how repeatable the mats’ forces,
frequencies, and vibration types (white, pink, and brown) are.

e Current and future vibratory mats that are analyzed by a force plate as described in Chapter 4,
should be tested utilizing a force plate (or other force sensing device) whose sensitivity is much

higher than the one used in this dissertation.
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The pilot study started in Chapter 5 should be continued to increase the sample size (i.e., 15 to
20 participants). This would allow further statistical analysis that could determine the vibration
that most benefits a person’s postural stability. A larger sample size would also allow a statistical
analysis that accounts for repeated measures across participants, given that a single participant
visits the laboratory 4 times.

In addition to the extracted sway measures in Chapter 5, other sway measures such as recurrent
guantification analysis, and other analyses such mechanical modeling of the human body should
be considered. Additional data that continues the work started in Chapter 5 is not restricted to
the analysis done in the presented pilot study.

Finally, subthreshold vibration is not the only strategy that could improve postural stability.
Future projects could use the developed vibratory mat in suprathreshold vibratory studies,

which is another strategy to improve postural stability.
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Appendices

Chapter 2 Appendix
Table 10: Summary of vibratory studies at the feet
Year . . - . S
Py Deslgn Output Partlcu?a_nts & Postural Stability Vibratory Significant
Ref Conditions Measures Results
1998 Vibrating mat e Suprathreshold | e 10 healthy adults 3-second COP at 500 e Vibration made

[54] Heel, and e Sinusoidal (38.5 years) Hz while standing humans sway in
metatarsals e Custom-built with eyes closed opposite direction to
Electromagnetic amplifier e 10 vibrations at 100 | e Average direction the point where
indenters type Hz while standing: and magnitude vibration was
201 (Ling heel or metatarsal (i.e., polar applied (i.e.,
Dynamic per foot (4x), heels, coordinates) anterior-right
Systems) metatarsals, all left, vibration made
Thickness does all right, both feet, humans sway
not apply and no vibration. towards the
Metallic posterior-left
Adjustable sizes direction)

Vibration in both
feet using all motors
increased sway;
however, it did not
have a defined
direction.

1999 Refer to [54] o Refer to [54] e 9 healthy adults 3-second COP at 500 Vibration created an

[57] (38.5 years) Hz while standing opposite sway (i.e.,

with eyes closed frontal vibration
e While standing, no e Average position made subjects

vibration, both and velocity leaned back) that

metatarsals, both increases as

heels, and all frequency increases

motors at 20 Hz, 60 Reaction time on

Hz and 100 Hz sway from vibration
was0.9+0.4
seconds

2001 Vibrating mat e Suprathreshold | e 8 healthy young Undefined duration None

[25] Forefoot ¢ Sinusoidal (36.6 years) of AP hip and
3-mm diameter (0.05,0.1,0.2 e 4 vestibular shoulder position,
indenters and 0.4 Hz) deficiency subjects | and undefined
Thickness does e Custom-built (35 years) duration of COP were
not apply amplifier used to calculate:

Metallic e 0.05/0.1/0.2/0.4Hz | ® Phase
indentations while e Gain

Adjustable sizes

standing

e 0.05/0.1/0.2/0.4 Hz
ground tilt (+/- 2
degrees) while
standing

¢ In-phase/constant/

counter-phase
ground tilt while
standing

112




Table 10: Summary of vibratory studies at the feet

Y(;ar Design Output Particir')a'nts & Postural Stability Vibratory Significant
Ref Conditions Measures Results
2001 | e Referto [54] o Refer to [54] e 9 healthy adults (38 | 3-second COP at 500 e Vibration created an
[58] years) Hz while standing opposite sway (i.e.,
with eyes closed metatarsal vibration
e Control (no e Average (AP and made subjects
vibration) and all 24 ML) leaned back, tibialis
frequency vibration made
combinations (20, 3-second EMG from subjects leaned
40, 60, and 80 Hz) the soleus and tibialis forward).
of vibration at the anterior at 1000 Hz e EMG and COP
tibialis anterior and | while standing with activity happened
metatarsals while eyes closed first than body angle
standing o Average of Tibialis (i.e., aftera
- Soleus vibration, muscle
and COP activity
reacted first than
ankle angle).

e When tibialis and
metatarsal vibration
happened at the
same time, the input
with the highest
vibration dominated
the body reaction.

2002 | e Vibrating mat e Subthreshold e 16 healthy old (72 30-second shoulder e When the old and
[16] | e Entire feet’s (90%) years) position while young groups are
soles e Random/White | e 14 healthy young standing with eyes combined, it is found
e 3.2-mm (100 Hz) (23 years) closed that vibration
diameter nylon e Power e Mean radius reduced mean
indenters amplifiers + e Yes/no vibration e Swept area radius, swept area
e Box of Linear while standing e Maximum radius and AP range.
undefined actuators + e Range (AP and ML)
thickness Signal e SDA’s critical value,
e Metallic or generator short-term and

another strong
material that
could hold an
adult

e Adjustable sizes

long-term diffusion
coefficients
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Table 10: Summary of vibratory studies at the feet

Y(;ar Design Output Particir')a'nts & Postural Stability Vibratory Significant
Ref Conditions Measures Results
2002 Vibrating mat e Suprathreshold | e 10 healthy adults 13-second COP while | e Vibration made
[59] Heels, e Sinusoidal (0- (37.5 years) standing with eyes subjects sway
metatarsals, 100 Hz) closed and towards the
and lateral side e Custom-built Control (no immobilized at the vibration application
of the feet amplifier vibration) and 5 hips and shoulders point (i.e.,
30 micro- vibrating e Average direction metatarsal vibration
vibrators per conditions: both and magnitude made subjects
foot metatarsals, both (i.e., polar leaned forward).
Undefined heels, all left, all coordinates)
thickness right, and both feet
Undefined while standing
material
No adjustable
sizes
2003 Shoe insole e Subthreshold 12 healthy old (73 e Referto [16] e When the old and
[17] Heel, first, and (90%) years) young groups are
fifth metatarsal | e Random/White 15 healthy young combined, vibration
C-2 Tactors (0-100 Hz) (23 years) reduced all
(Engineering e Noise parameters except
Acoustics, FL) generator Yes/no vibration for the long-term
16-mm thick ISD2560P while standing diffusion coefficient
Silastic T-2 (Winbound e The interaction of
Moldmaking Electronics, vibration and subject
Rubber Taiwan) group reduced the
No adjustable ML range and critical
sizes value
2006 Refer to [17] o Referto [17] 15 subjects with o Refer to [16] e Vibration reduced all
[22] diabetic extracted measures

neuropathy (60
years)

15 post-stroke
subjects (61 years)
12 healthy old (73
years)

Yes/no vibration
while standing

(Mean radius, Swept
area, Maximum
radius, AP and ML
Range, and SDA’s
critical value, short-
term and long-term
diffusion
coefficients) for
everybody.

e For diabetic and
stroke participants,
vibration reduced
the short-term and
long-term diffusion
coefficients.
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Table 10: Summary of vibratory studies at the feet

Y(;ar Design Output Particir')a'nts & Postural Stability Vibratory Significant

Ref Conditions Measures Results

2006 Shoe insole e Suprathreshold | e 8 Parkinson’s 6-minute walks with In PD subjects,

[63] Heel, first, and e Sinusoidal (70 disease subjects eyes open at the vibration improved
fifth Hz) (61.4 years) subject’s speed were walking distance,
metatarsals e Custom-built e 8 healthy adults used to identify velocity, cadence, all
Optect amplifier (58.9 years) walking distance, stride measures, and
2890W11 velocity, cadence, stance duration
(Optec Co., e Yesand no stride length, as well In healthy subjects,
Japan) vibration while as the duration and vibration improved
Dr. Scholl’s walking and while coefficient of walking distance,
massaging gel the feet were in variation of the speed, and stride
insoles contact with the stride, stance, swing coefficient of
thickness ground (i.e., step and double support variance.

Dr. Scholl’s synchronized ® Average Vibration and group

massaging gel vibration) influenced walking

insoles material distance, velocity,

Adjustable sizes stride coefficient of
variance, and stance
duration.

2007 Refer to [17] e Referto [17] e Referto [17] 30-second shoulder Vibration increased

[11] position while multiscale SampEn in

standing with eyes healthy old’s COP
closed and COP velocity for
e Multiscale SampEn both directions (AP
(m=2, r=0.15) and ML).
30-second COP
velocity at 60 Hz
e Multiscale SampEn
(m=2, r=0.15)

2008 Shoe insole e Subthreshold e 17 subjects with 25-second COP at Vibration during the

[21] Heel, first, and (90%) diabetic 100 Hz while cognitive test
fifth metatarsal | e Random/White neuropathy (52.1 standing reduced the mean
EPZ35-MS29, (25-500 Hz) years) e Mean velocity COP velocity and the
35-mm e Custom-built e 15 healthy old (51.8 | e Curve length AP RMS for the
diameter amplifier + years) e RMS (AP and ML) diabetic group
(Karl/Heinz LabVIEW and
Mauz GMBH, USB-DAQ e Yes/no vibration
Germany) (National while standing
6-mm thick Instruments) ® Yes/no cognitive
Cork and task defined as eyes
leather closed and
Adjustable sizes subtracting

numbers
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Table 10: Summary of vibratory studies at the feet

Y(;ar Design Output Particir')a'nts & Postural Stability Vibratory Significant
Ref Conditions Measures Results
2009 Shoe insole Subthreshold 18 old fallers (77 3-minute walks with e Vibration on old
[15] Heel, first, and (90%) years) eyes open at the fallers reduced the
fifth metatarsal Random/White 18 healthy old (78 subject’s speed were standard deviations
C-2 tactors (100 Hz) years) used to identify heel- of stride time, stance
(Engineering Engineering 12 healthy young strike and toe-liftoff time and swing time.
Acoustics, FL) Acoustics (26 years) events, which were e Vibration on healthy
Thickness larger controller used to extract old reduced the
than 9 mm (Engineering Yes/no vibration timing of stride, standard deviations
Commercial Acoustics, FL) while walking stance, and swing of stride time and
sandals’ phase stance time
material e Standard deviation
Adjustable sizes
2009 Vibrating mat Suprathreshold 8 healthy young 32-second COP at 64 e Vibration reduced
[56] Medial arch Sinusoidal (5 (30.3 years) Hz while standing sway area and RMS
region Hz) 13 healthy old (64.6 | with eyes open ML for the old
Rotating ball Remington FM years) ® 90% ellipse subjects with plantar
bearings 3000 controller 9 old subjects with e Mean velocity sensory deficiency.
(Remington FM plantar sensory o RMS (AP and ML)
3000) deficiency (64.2
Remington FM years)
3000
dimensions Before/after 10-
Remington FM minute vibration
3000 material while subjects were
Adjustable sizes sitting on a chair
2011 Refer to [17] Subthreshold 6 old construction 30-second shoulder e Sensory threshold
[20] (90%) workers (51.2 position at 10 Hz was larger for the

Suprathreshold
(120%)
Random/White
(100 Hz)

Noise
generator
ISD2560P
(Winbound
Electronics,
Taiwan)

years)

6 young
construction
workers (27.2years)

No/subthreshold/
suprathreshold
vibration while
standing
Normal/semi-
tandem stance
Eyes open/closed

while standing

e Mean velocity (AP
and ML)

e SDA’s critical value,
short-term and
long-term diffusion
coefficients (ML
and Radial)

30-second trunk

angular position at 10

Hz

e Range (ML and
Radial)

old group than for
the young group

e Subthreshold
vibration increased
the ML critical value
for everybody during
semi-tandem stance.

e Suprathreshold
vibration increased
Radial sway velocity,
ML and Radial
critical values, Radial
short-term diffusion
coefficient, and ML
and Radial trunk
range for everybody
during semi-tandem
stance.
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Table 10: Summary of vibratory studies at the feet

Y(;ar Design Output Particir')a'nts & Postural Stability Vibratory Significant
Ref Conditions Measures Results
2011 Shoe insole Suprathreshold 12 healthy young 14-second COP (AP), During no surface
[55] Heel, Sinusoidal (80 (26.8 years) COM (AP), and angles tilt, vibration at the
metatarsals and Hz) of trunk, hips, knees Achilles and heels
Achilles tendon Custom-built All combinations of | and ankles at 10 Hz made subject leaned
Eccentric amplifier vibration while while standing with backwards and
rotating motors standing at Achilles, | eyes closed forwards
Undefined metatarsal, and e Average respectively.
thickness heel in either no, During toes up
Undefined thumbs up or down surface tilt, vibration
material surface tilt at the Achilles
Adjustable sizes reduced COP and
increased COM.
During toes down
surface tilt, vibration
reduced the angle
motion of hips and
knees.
2012 Shoe insole Subthreshold 26 old fallers (83.3 65-second COP at 40 When the first 30
[18] Heel, first, and Random/White years) Hz while standing seconds of data are
fifth metatarsal Custom-built 16 healthy young without shoes and used, vibration
Eccentric controller and (25.2 years) with eyes open reduced a (i.e., from
rotating motors noise e DFA and a (Nmin=5, brownish to pinkish)
Undefined generator Before/after 10- Nmax=N/4) (AP and on old fallers.
thickness minute vibration ML)
Commercial while walking
insoles
Adjustable sizes
2012 Shoe insole Undefined 26 old fallers (84.1 60-second COP at Vibration increased
[19] Heel, first, and threshold level years) 31.25 Hz while the multivariate
fifth metatarsal Undefined standing with eyes multiscale SampEn
Eccentric color Before/after 6- open (i.e., added
rotating motors Custom-built minute vibration e Multiscale SampEn complexity).
Undefined controller and while walking (AP and ML)
thickness noise e Multivariate
Commercial generator multiscale SampEn
insoles
Adjustable sizes
2012 Refer to [15] Subthreshold 29 healthy old (71.9 | 30-second walks at Post-vibration
[51] (90%) years) l.4m/sona coefficient of
Random/White Yes/no vibration treadmill were variance has a
(0-100 Hz) while walking recorded with force negative correlation
LabVIEW plates and motion with pre-vibration
controller capture, and step (i.e., subjects with
(National width and length low coefficient of
Instruments, were extracted variance increase
TX) e Coefficient of their variability, and

variance

vice versa)
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Table 10: Summary of vibratory studies at the feet

Y(;ar Design Output Particir')a'nts & Postural Stability Vibratory Significant
Ref Conditions Measures Results
2013 Motor taped to Subthreshold 17 stroke subjects 30-second COP while | e Vibration reduced all
[24] body and/or (53.31 years) who standing sway measures (eyes
Heel and suprathreshold did physical therapy | e Average (AP) open and closed)
Achilles tendon Sinusoidal (90 with vibration e Mean velocity (AP) when both groups
Indenter Hz) 17 stroke subjects were analyzed
motors Custom-built (55.73 years) who 3-meter walk with together, as well as
Thickness does amplifier did physical therapy | eyes open was used when each group
not apply without vibration to extract gait speed, was analyzed
Material does cadence, paretic separately.
not apply Before/after sidestep length and e Vibration increased
Adjustable sizes physical therapy single limb support all gait measures
do not apply training (i.e., 30- time when both groups
minute sessions, 5x | e Average were analyzed
per week, for 6 together, and all gait
weeks) measures (except
Eyes open/closed step length) when
each group was
analyzed separately.
e Vibration increased
all physical therapy’s
benefits.
2014 Shoe insole Subthreshold 21 healthy young 20-second COP and e COP and COM areas
[47] Heel, first and (90%) (24.5 years) COM at 200 Hz while and ML entropies
fifth metatarsal Random/White standing on 6.5-cm were reduced for
DC vibrating (10-55 Hz) Eyes closed/open foam eyes closed and no
motors MATLAB noise with virtual reality e 95% ellipse area mental calculation
Thickness of generator + Before/during/after | ® RMS (AP and ML) when before and
commercial Custom-built vibration whiles e AppEn (AP and ML) during vibration
sandals amplifier standing were compared.
Material of Yes/no mental e COP and COM AP
commercial calculation RMS were increased
sandals for eyes closed and

Adjustable sizes

no mental
calculation when
during and after
vibration were
compared.
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Table 10: Summary of vibratory studies at the feet

Y(;ar Design Output Particir')a'nts & Postural Stability Vibratory Significant
Ref Conditions Measures Results
2015 Vibrating mat Subthreshold e 9 healthy old (78.6 20-second COP at e Sensory threshold
[14] Heel, first, and (90%) years) 100 Hz while standing was larger for the
fifth metatarsal Sinusoidal + e 10 healthy young with eyes open. old group than for
C-2 tactors Random/White (25.1 years) Surrounding moved the young group
(Engineering noise (1-500 in-phase with the When motors were
Acoustics, FL) Hz) e Yes/no vibration subject’s sway ON, no significant
Thickness larger Engineering while standing e Equilibrium score differences were
than 9 mm Acoustics e Curve length (AP) found in curve
Silicone (Shore controller e AppEn (AP) length and
A50) (Engineering e Strategy score equilibrium score
Adjustable sizes Acoustics, FL) between the old and
young groups.
Vibration reduced
curve length and
equilibrium score in
the old group.
Vibration increased
strategy score in the
old group.
2015 Shoe insole Subthreshold e 12 healthy old (77.5 | 60-second COP while Vibration for both
[48] Medial arch Random/White years) standing visual conditions
region (0-100 Hz) e Mean velocity reduced sway area
Two 2.5-cm Custom-built * 0%/70%/85% o 95% ellipse area and ML COP
diameter noise vibration while e Average (AP and average.
piezoelectric generator and standing or walking ML) Vibration reduced
actuators amplifier e Eyes open/closed TUG time, average
Thickness of 4.9-walks at the stride time (left),
commercial subject’s speed were stride time
insoles used to extract gait coefficient of
Urethane foam speed, stride time variation (left and
with double (left and right), step right), and double
electrical width and double support time
insolation support time coefficient of

Adjustable sizes

e Average
e Coefficient of
variation

TUG test time

variation.

There were not
differences between
70% and 85%
vibration.
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Table 10: Summary of vibratory studies at the feet

Y(;ar Design Output Particir')a'nts & Postural Stability Vibratory Significant
Ref Conditions Measures Results
2016 | o Referto [14] e Subthreshold e 10 healthy young 20-second COP at e Sensory threshold
[12] (90%) (25.1 years) 100 Hz while standing was larger for the
e Random/White | e 10 healthy old (78.6 | with eyes open and old group than for
(1-500 Hz) years) performing cognitive the young group
e Engineering test (listen and
Acoustics e Yes/no vibration repeat words)
controller while standing e Integrated time-to-
(Engineering boundary (AP)
Acoustics, FL) e RMS (AP)
e AppEn (m=2, r=0.2)
(AP)
e Equilibrium score
e Curve length (AP
and ML)
e Absolute
maximum (AP and
ML)
e Strategy score
2016 | e Referto [14] o Referto [12] o Referto [12] 3-second COP at 100 Sensory threshold
[13] Hz while standing was larger for the
with eyes open. Force old group than for
plate translated the young group
backwards for a
distance scaled to
each subject’s height
e Curve length (AP)
e Temporal latency
e Absolute
maximum (AP)
2016 | e Referto [48] e Subthreshold e 27 healthy 1-minute walks (1.1 Vibration increased
[28] (90%) recreational m/s) recorded with the coefficient of
e Random/White athletes (22.4 motion capture at variance for stride
(0-100 Hz) years) 120 Hz were used to width in all

e Custom-built
noise
generator and
amplifier

e Baseline, max effort
(fatigue based) and
post-max effort

e Yes/no vibration
while walking

extract double

support time, as well

as stride time, length

and width

e Average

e Coefficient of
variance

conditions (baseline,
max and post).
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Table 10: Summary of vibratory studies at the feet

Y(;ar Design Output Particir')a'nts & Postural Stability Vibratory Significant
Ref Conditions Measures Results
2016 | e Referto [48] Subthreshold 12 healthy old (73.8 | 60-second COP at e Sensing threshold
[49] Random/White years) 240 Hz while and TUG time had a
(0-100 Hz) standing negative correlation
Custom-built 0%/70%/85% e Multiscale SampEn with ML multiscale
noise vibration while (m=2, r=0.15) (AP SampEn
generator and standing and ML) Vibration (70% and
amplifier Eyes open/closed e Mean velocity 85%) increased ML
e 95% ellipse area multiscale SampEn
when compared to
TUG test time no vibration
2016 | e Motor between Suprathreshold 8 healthy old (72.3 30-second COP at Vibration reduced
[50] force plate and by inducing years) 1000 Hz while the 95% ellipse area,
feet soles pressure point standing with eyes mean velocity (AP
e Heel (i.e., increasing Yes/no vibration closed and ML), and the AP
e 26.5-mm height of while standing e 95% ellipse trembling.
diameter coin motor) e Mean velocity (AP
motor Sinusoidal and ML)
e Thickness does Custom-built e Rambling and
not apply amplifier trembling (AP and
e Material does ML)
not apply
e Adjustable sizes
2017 | e Shoeinsole Sub and 10 healthy adults 5-minute walks on a For stride length,
[52] | e Heel, first, and suprathreshold treadmill at the vibration at 250 Hz
fifth metatarsal Sinusoidal No vibration and all | subject’s speed increased o when
e C-2tactors Engineering combination of 30, recorded by motion compared to 30 Hz
(Engineering Acoustics 150, and 250 Hz capture at 100 Hz and 150 Hz (i.e.,
Acoustics, FL) controller frequencies with 8, | and by force plates at from whiteish to

o Thickness of
commercial
insoles

e Material of
commercial
insoles

e Adjustable sizes

(Engineering
Acoustics, FL)

12,and 17.5dB
amplitudes while
walking

300 Hz, were used to

extract stride length

and interval

e Standard deviation

e DFA and a (Nmin=4,
nrnax=N/4)

pinkish).

For stride interval,
vibration at 12 dB
increased a when
compared to 8 dB
and 17.5dB (i.e.,
from whiteish to
pinkish).

For stride interval,
vibrations at
250Hz/12d8B,
250Hz/17.5 dB and
no vibration were
different in terms of
a. In fact,
250Hz/12dB
approached
pinkness, while
250Hz/17.5dB
approached
whiteness.
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Table 10: Summary of vibratory studies at the feet

Y(;ar Design Output Particir')a'nts & Postural Stability Vibratory Significant
Ref Conditions Measures Results
2018 Shoe insole e Subthreshold 2 healthy old (70 25-second COP at o Vibration reduced
[10] Heel, first and (90%) years) 100 Hz while standing the healthy old’s
fifth metatarsal, | « Random/White 2 healthy young e Stability Index stability index (i.e.,
and under big (40-120 Hz) (28.5 years) with improvement) for all
toe e Arduino Nano feet under TUG test time conditions, except
6-mm (Arduino LLC, hypothermic single stance with
cylindrical MA) + MATLAB anesthesia eyes closed.
motors (Korea) (MathWorks, e Vibration reduced
11to 17 mm MA) Eyes open/closed the healthy old’s
thick Single/dual stance TUG time.
Silicone (Shore Yes/no vibration
A55) with 1-mm while standing
leather top
layer
Adjustable sizes
2018 Vibrating mat e Suprathreshold 22 post-stroke Postural scales e Vibration improved
[60] Heel and ¢ Sinusoidal (100 subjects (55.8 e Mini-BESTest all scales more with
metatarsals Hz) years) e Ankle flexor respect to the
Undefined e Custom-built spasticity MMAS baseline when
vibrating amplifier Before vibration e Ankle dorsiflexion compared to the
devices and after yes/no 5- PROM change made by the
Width x Length minute vibration no vibration with
x Height = 30 x respect to the
45 x 20 cm baseline.
Undefined
polymer
No adjustable
sizes
2018 Refer to [60] e Refer to [60] 18 post-stroke 20-second COP at e Vibration reduced
[61] subjects (26 years) 100 Hz while TUG test time.
standing

Before/After 5-
minute vibration
Eyes open/closed
(only for COP)

e Mean velocity

e Average (AP and
ML)

e Surface area

Postural scales

o TUG test time

e Functional reach
test

e Ankle flexor
spasticity MMAS

e Ankle dorsiflexion
PROM
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Table 10: Summary of vibratory studies at the feet

Y(;ar Design Output Particir')a'nts & Postural Stability Vibratory Significant
Ref Conditions Measures Results
2019 Shoe insole Subthreshold e 29 diabetic subjects | 25.6-second COP e None
[23] Heel, first and (90%) (84.3 years) while standing with

fifth metatarsal Random/White eyes closed

Vibrating micro- (0-200 Hz) e Before/immediately | ® 95% ellipse

motors Custom-built after/15 minutes e Average (AP and

Undefined controller and after a siting 14- ML)

thickness signal minute vibration e Mean COP velocity

Undefined generator e COP velocity

material variance

Adjustable sizes

TUG test time

2020 Shoe insole Subthreshold e 14 healthy young 60-second COP while | e Vibration reduced all
[26] Heel, first, and Random/White (23.9 years) standing with one leg COP measures and

fifth metatarsal (0-120 Hz) and eyes open the tibialis anterior

Miniature
actuators
Undefined
thickness
HI-POLY foam
Adjustable sizes

Custom-built
controller and
signal
generator

e No vibration + No
ice/No vibration +
Yes ice/Yes
vibration + Yes ice

e 95% ellipse
e Curve length
e Mean velocity

60-second EMG at
medial
gastrocnemius,
tibialis anterior,
peroneus longus, and
extensor digitorum
longus while standing
with one leg and eyes
open

o RMS

activity when
standing on ice
without and with
vibration are
compared, as well as
vibration tended to
bring all COP
measures and the
tibialis anterior
activity back to their
natural state (i.e., No
vibration or ice).
Regression fits
between COP area
and muscle activity
shows that vibration
tended to bring
subjects back to
their natural state.
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Table 10: Summary of vibratory studies at the feet

Y(;ar Design Output Particir')a'nts & Postural Stability Vibratory Significant

Ref Conditions Measures Results

2020 Shoe insole Subthreshold e 21 healthy young 30-second COP at o After fatigue,

[27] Heel (x2), first, (90%) (27 years) 100 Hz while vibration reduced
and fifth Sinusoidal (1- standing on non- ellipse area and
metatarsals 350 Hz) o Before/after dominant leg with brough it closer to
Piezoelectric Custom-built inclined walking eyes open the value before the
actuators (Disc controller (app fatigue e DFA and a (Nmin=5, fatigue. In fact, after
Benders- in cellphone) e Yes/no vibration Nmax=N/4) on fatigue and no
Bimorphs and amplifier while standing planar vibration yielded a
Model 20-2225) displacement COP larger area when
Thickness of e 95% ellipse compared to yes and
commercial no vibration before
insoles fatigue.

Material of After fatigue,
commercial vibration kept the
insoles baseline (i.e., before
Adjustable sizes fatigue) o.. In fact,
after fatigue and no
vibration, ot was
reduced when
compared to the
baseline, and when
compared to after
fatigue with
vibration (i.e.,
reduced it from
pinkish to whitish).

2020 Motor taped on Subthreshold e 13 healthy young 10-meters walks at Vibration reduced

[53] body Sinusoidal (150 (23.8 years) subject’s speed average walking
Foot’s big Hz) recorded by motion speed and COM in
toenail Custom-built e Yesand no capture at 200 Hz the progression
LD14-002, controller (app vibration while and by force plates at direction.

Nidec Copal in tablet) and walking and while 1000 Hz, were used When change due to
Co., Japan DRV2605 the feet were in to extract walking vibration is plotted
Thickness does amplifier contact with the speed, stance time, vs. initial without
not apply ground (i.e., step and COM vibration for the
Material does synchronized displacement in the coefficient of

not apply vibration) vertical, progression variation walking

Adjustable sizes

and lateral directions.

e Average
e Coefficient of
variation

speed, stance time
and COM in the
lateral direction, a
negative correlation
is found (i.e.,
subjects with low
initial coefficient of
variation increase
variation and vice
versa).

Listed ages correspond to the average of all ages across a group
Abbreviations: TUG = Timed Up and Go.
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Chapter 3 Appendix
Cost Breakdown

The approximate cost of materials for the most-reported vibratory insoles (USD $4,314.50) is broken
down in Table 11. From the papers that reference the most-reported vibratory device, it is not possible
to know the actual cost for the vibratory insoles, since their specific suppliers are not known. All listed

costs are based on quotes and information obtained throughout the period of the project (2018 - 2020).

Table 11: Cost breakdown for most-reported vibratory device
Part Explanation Cost
The cost for 16 Ibs of Shore A50 Silicone (https://shop.smooth-on.com/reoflex-50) is
$117.88 and its specific volume is 27.4 in3/Ib. Assuming a rectangular area for a large
shoe insole (12 in x 5 in), and a thickness of 10 mm (i.e., enough to cover C-2 Tactors
whose thickness is 7.9 mm), the volume per insole is 23.62 in3. This means that the $12.70
weight for both insoles is 1.724 Ibs = 2 x 23.62 in3 + 27.4 in3/lb, which yields the cost of
silicone for both vibratory insoles to $12.70 = 1.724 lbs x $117.88/16 lbs.

Shore A50
Silicone

The cost for a sheet of soft-cushioning foam (Thickness = 1/16 in) with dimensions 24 in
X 24 in is $3.59 (https://www.mcmaster.com/8722K6/). Knowing that each insole’s

Soft Layer areais around 12 in x 5 in, only half of the raw material’s area is needed for a set of 2 $1.80
insoles. This means that the total cost for the soft layer is $1.80.

According to a quote from Engineering Acoustics provided on February 8, 2018, each C-
2 Tactor was prized at $210.00. This means that 6 C-2 Tactors (Heel, 15t and 5th

Motors metatarsal for two insoles) would cost $1,260.00. »1,260.00
According to a quote from Engineering Acoustics provided on February 8, 2018, the
Controller cost for the Universal Controller and TAction Creator Software are respectively $3,040.00

$2,350.00 and $690.00. This yields a total cost for the controller equal to $3,040.00.

The total cost of materials for the new and proposed vibratory mat (USD $1,062.83) is broken down in
Table 12. All listed costs are based on quotes and information obtained throughout the period of the

project (2018 - 2020).
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Table 12: Cost breakdown for new and proposed vibratory device

Part

Explanation

Cost

Shore A50
Silicone

The cost for 16 Ibs of Shore A50 Silicone (https://shop.smooth-on.com/reoflex-50) is
$117.88 and its specific volume is 27.4 in3/lb. Knowing that the dimensions of the
vibratory mat are 19.5 in x 15 in x 10 mm, the volume of the mat is 115.16 in3. This
means that the weight of the vibratory mat is 4.203 lbs = 115.16 in3 + 27.4 in3/Ib, which
yields the cost of silicone for the mat to $30.96 = 4.203 lbs x $117.88/16 lbs.

$30.96

Cork Layer

The cost for a sheet of cork (Thickness = 1/32 in) with dimensions 12 in x 36 in is $14.54
(https://www.mcmaster.com/9607K61/). Knowing that a 12 in x 36 in sheet will be
mostly used to cover the area of the vibratory mat (19.5 in x 15 in), the total cost for
the cork layer is assumed to be $14.54.

$14.54

Soft Layer

The cost for a sheet of soft-cushioning foam (Thickness = 1/16 in) with dimensions 24 in
X 24 inis $3.59 (https://www.mcmaster.com/8722K6/). Knowing that a 24 in x 24 in
sheet will be mostly used to cover the area of the vibratory mat (19.5 in x 15 in), the
total cost for the soft layer is assumed to be $3.59.

$3.59

Motors

To manufacture the complete vibratory mat which includes 4 sets of eccentric rotating
motors (307-105, 310-003, 306-10H and 307-103 from Precision Microdrives, UK), and
three different shoe sizes per set of motors (Short, Middle and Long), 14 motors are
needed per set. The 14 motors per set consist of 2 heels, and three sets (Short, Middle
and Long) of 2 15t metatarsals and 2 5t metatarsals. With that said, the unit costs for
the motors 307-105 (https://www.precisionmicrodrives.com/product/307-105-7mm-
vibration-motor-2mm-type), 310-003
(https://www.precisionmicrodrives.com/product/310-003-10mm-vibration-motor-
3mm-type), 306-10H (https://www.precisionmicrodrives.com/product/306-10h-7mm-
vibration-motor-25mm-type), and 307-103
(https://www.precisionmicrodrives.com/product/307-103-9mm-vibration-motor-
25mm-type) are respectively $6.89, $7.85, $9.68 and $8.54. These costs when added
and multiplied by 14 yields $461.44.

$461.44

Controller

The parts needed to manufacture the controller are:

e Large Breadboard (x1) at $19.95 (https://www.adafruit.com/product/443)

e Arduino UNO (x6) at $23.00 (https://store.arduino.cc/usa/arduino-uno-
rev3?gclid=CjOKCQiAzZL-
BRDNARISAPCJs73x5w46Q0BMSWtf3cXUehXQXE4XKIFleuucnWIZf38SmAaXUkYT4
TAaAsQIEALw wcB)

e DRV2605 Chips (x6) at $7.95
(https://www.adafruit.com/product/2305?gclid=CjOKCQiAzZL-
BRDNARISAPCJs71VHIXW5wN3dSlas8pfQyquwEkKeyP21yE6zAdelyzINLwWRyv1flTwa
AvdpEALwW wcB)

e Push Buttons (x3) at 1.60 for 4 (https://www.sparkfun.com/products/14460)

e 3-Pin Switches (x2) at 1.50 (https://www.sparkfun.com/products/102)

e Potentiometers (x5) at $0.95 (https://www.sparkfun.com/products/9806)

e Wires (x1) at $15.95 (https://www.adafruit.com/product/1311)

e PCB Board (x1) at $19.95 for 3 (https://www.adafruit.com/product/590)

$232.45
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External
Housing

The parts needed to manufacture the external housing of the vibratory mat are:

BNC Wall Mount (x62) at $2.247
(https://www.digikey.com/en/products/detail/amphenol-rf-division/031-10-
RFXG1/2643384?utm adgroup=Connectors%20and%20Interconnects&utm sourc
e=google&utm medium=cpc&utm campaign=Shopping Supplier Amphenol%20R

F 0115 Co-

op&utm term=&utm_content=Connectors%20and%20Interconnects&gclid=Cj0KC

QiAzZL-BRDNARISAPCJs70wlIXagbPvcgk-

WEiwCJL9tcHaPz9rG5webg7hRiXNxDijuUsTw50aAiA-EALw _wcB)

o 56 forall the inputs in the external housing, and 6 for the outputs of the
controller

Male-Male BNC Cord 10’ (x6) at $16.59

(https://www.digikey.com/en/products/detail /tpi-test-products-int/58-120-

1M/268027?s=N4IgiCBcolLQdIDGUAuAnArgUwDQgPZQDalATAJWAMIAuglL516nEgC

SAHHKZXALK10gA)

Angle Steel 1/8” x 1.5” x 36” (x1) at $11.99
(https://www.menards.com/main/hardware/sheet-metal-rods/hillman-reg-steel-
angle/11707/hardware/sheet-metal-rods/hillman-reg-steel-
angle/11697/hardware/sheet-metal-rods/hillman-reg-steel-angle/11709/p-
1444432405334.htm)

Angle Steel 1/8” x 1.5” x 72” (x1) at $13.99
(https://www.menards.com/main/hardware/sheet-metal-rods/hillman-reg-steel-
angle/11707/hardware/sheet-metal-rods/hillman-reg-steel-
angle/11697/hardware/sheet-metal-rods/hillman-reg-steel-
angle/11709/hardware/sheet-metal-rods/hillman-reg-steel-angle/11711/p-
1444432400703.htm)

Sheet Metal Gauge 16 24” x 48” at $54.99
(https://www.menards.com/main/hardware/sheet-metal-rods/hillman-reg-steel-
plain-sheet-metal/11758/hardware/sheet-metal-rods/hillman-reg-steel-plain-
sheet-metal/11769/hardware/sheet-metal-rods/hillman-reg-steel-plain-sheet-
metal/11779/hardware/sheet-metal-rods/hillman-reg-steel-plain-sheet-
metal/11769/p-1444432403703.htm)

$319.85
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Wiring Diagram
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Figure 23: New vibratory mat's wiring diagram

Abbreviations: Pot = Potentiometer, Mot = Motor, Sig = Signal, L = Left, R = Right, Pwr = Power

Figure 23 shows the wiring diagram needed to operate the Arduino codes, and thus the vibratory mat.

The Arduino UNOs L1 and R1 are powered by an USB connection that offers Serial Print messages that

guide the operation of the vibratory mat. However, if an USB connection and Serial Print messages are

not desired, Arduino UNOs L1 and R1 can be powered with 12V (i.e., same power supply used for the

other Arduino UNOs). The 5V High Amp used to power the vibratory components’ drivers require more

amperage when compared to the 12V and 5V power suppliers that operate the Arduino UNOs and

hardware (i.e., potentiometers and buttons). It is recommended that the 5V High Amp power supply

allows amperage levels up to 200 mA, since the motor 307-103 (strongest motor) can draw up to 180

mA when is at full capacity.
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Arduino Codes
The codes that need to be uploaded to the three Arduino UNOs that control the left foot’s vibrating

components (Arduino_Left_Master.ino), and three Arduino UNOs that control the right foot’s vibrating
components (Arduino_Right_Master.ino) are given below. In both codes, motors labeled as Mini, Small,

Medium and Large correspond respectively to 307-105, 310-003, 306-10H and 307-103.

Arduino_Left Master.ino

// Library to move motor and motor's variable

#include "Adafruit_ DRV2605.h"

Adafruit_ DRV2605 drv; //Name of the motor

int m_signal_dec; //Value given to the motor drv

// General variables
int system_delay = 100; //Delta time of 100 ms per loop

int ii; int jj; int kk; //For-loop counters

// Defining pins and values for potentiometers, switches and buttons

int Foot_Pot_Pin = AO; //Pin number for potentiometer that selects the foot to be tested

int Foot_Pot_Value; //Value of reading from potentiometer that selecs the foot to be tested
//-- Off -- Left -- Right -- Both --

int Motor_ Pot_Pin = Al; //Pin number for potentiometer that selects the motor to be used

int Motor Pot_Value; //Value of reading from potentiometer that selecs the motor to be used
//-- Off -- Mini -- Small -- Medium -- Large

int Signal_Pot_Pin = A2; //Pin number for potentiometer that selects the signal to be used

int Signal_Pot_Value; //Value of reading from potentiometer that selecs the signal to be used
//-- Off -- White -- Pink -- Brown --

int Pwr_Pot_Pin = A3; //Pin number for potentiometer that selects the power of the motors

float Pwr_Pot_Value; //Value of reading from potentiometer that selects the power of the motors
//0% -- 100%

int Buzz_Button_Pin = 2; //Pin number for button that sends a signal/buzz to the motors

int Buzz_Button_Value; //Value of reading from button that sends a signal/buzz to motors

int No_Button_Pin = 3; //Pin number for button that says No

int No_Button_Value; //Value of reading from button that says No

//This will be a push button given to the subject to claim feeling (pressed = LOW), or no feeling (not pressed = HIGH)

int Yes_Button_Pin = 4; //Pin number for button that says Yes

int Yes_Button Value; //Value of reading from button that says Yes

int Test42l Switch_Pin = 5; //Pin number for switch that selects the 421 code
int Test42l Switch_Value; //Value of reading from switch that selecs the 421 code
int TestSignal Switch Pin = 6; //Pin number for switch that selects the signal code
int TestSignal_ Switch_value; //Value of reading from switch that selecs the signal code
int LED pin = 13; //Pin number for LED that confirms entry

/] mmmmm e Signal Code Variables ———=—=-————————mmmmmmm oo

int m_signal_idx_low; //Low index for motor signal

int m_signal_idx_high; //High index for motor signal

int m_signal_curr; //Current value from motor signal

float m_signal_curr_float; //Current value from motor signal in float format
float m_Vmax; //Maximum voltage allowed in motor

float m_Vmin; //Minimum voltage allowed in motor

float m_Vdelta; //BAccuracy of voltage in motor

float m_pwr; //Power for motor signal

// Declaring all signals - Row order:

// 1) m307105 White Signal 2 from a gnals_vi4 idx: 0 to 900

// 2) m307105 Pink Signal 10 from : gnals idx: 901 to 1801

// 3) m307105 Brown Signal 9 from all signals idx: 1802 to 2702

// 4) m310003 White Signal 3 from all_signals_v3 idx: 2703 to 3603

// 5) m310003 Pink Signal 3 from all_signals_v3 idx: 3604 to 4504

// 6) m310003 Brown Signal 2 from all_ signals idx: 4505 to 5405

// 7) m30610H White Signal 2 from all_signals_v2 idx: 5406 to 6306

// 8) m30610H Pink Signal 5 from all signals idx: 6307 to 7207

// 9) m30610H Brown Signal 7 from all signals idx: 7208 to 8108

// 10) m307103 White Signal

[N

from all signals_v2 idx: 8109 to 9009
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// 11) m307103 Pink Signal 7 from all signals idx: 9010 to 9910
// 12) m307103 Brown Signal 10 from all signals idx: 9911 to 10811
const int m_signal[] PROGMEM =
{404,484,475,346,429,404,575,399,418,478,480,0,293,519,598,352,498,265,206,533,577,361,443,407,512,492,316,826,364,367,331,567,424,447,654,35
9,317,388,304,268,604,609,465,663,195,294,593,679,413,442,572,464,357,359,504,367,272,501,514,509,590,369,500,292,791,438,343,365,532,308,433
,368,443,564,407,488,278,627,457,579,351,555,414,582,457,490,584,363,473,333,460,40,391,505,302,414,339,522,476,488,431,320,460,245,408,531,2
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3,799,800,799,863,829,818,833,884,923,925,927,937,908,947, 976,907,937, 949, 948, 956,1000, 962, 916,911,895, 900,884,892,878,890,892,911,899, 946, 99
1,969,966,958,979,924,918,833,850,886,908,893,881,900,910,892,879,886,909,887,878,840,845,835,829,826,821,850,868,912,883,911,911,848,832,809
,818,833,828,811,825,816,864,883,897,846,810,782,823,817,861,825,840,832,828,846,870,853,857,822,798,761,751,692,699,695,675,689,706,711,705
674,658,713,687,708,714,714,730,756,761,728,718,693,691,699,743,730,744,774,756,733,705,690,725,680,681,664,650,599,569,598,573,571,562,528,5
20,504,535,508,536,573,586,589,553,554,552,584,583, 641,585,617, 641,640,609,619,584,592,607,625,598,546,560,562,573,562,513,506,544,495,489, 50
7,496,532,515,499,581,602,576,564,566,597,551,548,517,545,519,526,529,527,563,609,565,561,536,550,556,523,511,472,485,526,517,510,537,501, 487
,483,476,483,473,467,494,507,540,568,586, 608,558,549, 556,514,515,539,511,556,584,549,537,536,525,535,520,535,535,507,516,499,501,459, 445, 446
456,404,430,423,469,502,533,587,609,584,551,563,547,576,543,541,539,444,461,494,468,511,475,481,514,502,522,528,516,519,472,454,461,482,474,4
71,485,458,456,456,375,359,396,438,426,383,354,353,326,325,312,314,346,374,365,361,360,364,397,429,412,439,421,422,352,360,357,328,329,297, 31
9,295,276,296,241,247,217,289,243,219,220,229,241,227,222,274,333,352,305,335,272,289,265,222,241,253,238,226,206,273,265,261,271,307,262,272
,241,275,298,263,276,248,248,245,208,242,166,221,233,247,241,236,260,227,236,259,263,245,230,273,269,210,213,213,184,161,185,202,194,185,163,
97,90,67,59,63,17,55,60,70,146,142,75,56,104,107,159,172,133,126,149,175,239,260,255,252,270,255,223,195,180,221,257,230,175,219,235,280,239,
211,218,220,245,256,213,216,155,162,162,171,215,183,227,215,216,241,219,270,280,298,295, 330,
475,571,675,612,342,505,377,332,474,597,586,137,166,477,440,338,384,371,472,791,596,570,470,745,504,427,315,4
90,504,699,414,480,586,278,538,508,360,781,281,379,237,646,496,463,693,498,498,492,548,712,767,691,414,404,357,503,636,569,255,635,223,520,51
6,255,570,440,312,603,194,613,185,356,379,600,461,386,240,292,544,618,437,435,359, 638,375,482,307,435,633,525,692,451,127,576,504,565,215,436
,434,473,374,462,630,429,706,492,513,216,541,567,552,301,120,497,679,438,389,607,559,316,579,532,386,384,356,275,733,376,340,438,552,467,532,
504,589,419,509,762,610,401,117,355,526,495,332,402,212,458,405,509,243,375,255,248,318,876,563,527,476,304,397,410,209,435,142,297,276,471,3
65,471,478,495,524,432,242,532,604,178,324,411,467,558,649,334,664,512,384,467,296,677,355,282,558,304,416,198,656,437,695,230,506,413,501,54
4,528,530,198,301,414,534,315,458,393,81,574,555,388,359,450,602,231,332,221,678,422,658,308,291,486,299,432,411,572,115,577,547,406, 681,378,
319,241,554,485,738,556,492,503,603,263,748,613,59,490,475,431,366,560,420,0,496,570,289,451,355,552,229,386,502,487,153,420,400,551,705, 652,
389,507,270,688,212,451,640,348,503,331,582,735,407,544,389,430,141,223,530,345,391,734,466,234,406,323,486,631,352,233,691,424,797,361,459,2
06,606,530,183,375,514,400,400,583,490,385,251,371,270,496,414,300,332,479,643,499,385,455,544,879,430,511,497,479,544,757,338,255, 640,546, 40
0,587,516,231,297,452,363,477,476,435,1000,373,409,737,433,427,442,234,741,245,450,656,466,383,429,474,559,328,309,432,302,536,390,451,530,18
4,301,324,734,733,593,217,277,518,333,370,421,567,544,325,114,479,363,349,415,639,596,438,268,574,545,117,349,687,144,568,431,533,445,242,285
,417,337,568,550,460,375,519,397,398,612,513,471,431,177,643,292,143,558,466,439,544,489,376,492,442,578,548,525,341,297,423,354, 336,408,480
441,540,446,397,633,492,603,622,460,626,229,376,426,316,480,315,438,446,589,573,582,660,362,496,375,496,421,467,544,451,363,361,144,454,646,6
54,476,288,505,651,341,546,237,408,413,502,451,170,124,406,545,476,590, 644,264,315,391,550,249,532,498,341,400,293,304,481,507,517,536, 363,55
3,454,357,711,252,621,651,575,204,384,483,340,642,546,650,504,542,393,293,591,275,332,397,713,494,487,250,500,237,431,350,380,480,396,254,391
,243,135,453,398,416,594,538,437,294,512,148,530,454,637,586,490,430,201,415,421,545,683,559,515,203,607,188,399,602,496,366, 628,459,371, 360,
402,600,628,185,425,340,400,172,503,484,231,605,592,439,379,325,540,585,489,506,401,530,252,442,442,319,270,303,419,263,550,561,299,426,423,5
09,543,413,439,398,198,625,657,598,506,322,538,424,359,433,254,549,440,134,668,512,510,554,150,567,223,576,210,416,527,422,361,550,358, 644, 68
4,532,382,275,513,395,275,703,636,376,332,317,381,373,675,308,318,273,569,580,666,442,486,136,362,331,296,726,617,232,470,420,395,389,541,468
,549,438,514,865,495,415,550,561,432,530,300,458,450,566,239,706,449,440,237,671,541,624,465,475,469,747,576,524,436,461,339,660,378,669,608,
509,578,429,407,483,342,619,758,439,280,339,480,407,269,651,674,578,343,487,433,293,375,646,420,591,232,411,415,523,473,580,202,371,570,576,3
68,551,444,511,407,511,522,556,454,572,429,226,515,490,546,341,401,472,524,430,396,420,394,389,614,527,771,362,659,478,515,291,369,768,353,48
1,552,413,412,423,307,239,481,529,409,472,667,594,767,241,403,279,351,538,568,572,540,571,498,176,519,707,281,662,618,203,562,359,404,317,577
,754,358,349,526,470,369,700,618,422,651,539,348,247,416,358,511,466,543,439,617,494,650,71,243,496,108,482,401,70,637,671,406,485,459,551,68
0,358,425,731,648,426,462,280,841,404,533,345,639,431,372,449,586,226,353,490,502,371,635,486,237,489,510
426,536,393,291,630,660,722,779,835,643,388,339,337,180,142,328,248,275,169,238,156,224,217,239,394,403,572,4
58,390,364,227,450,349,341,396,473,325,342,350,314,369,267,398,259,259,373,302,471,173,250,285,198,268,293,325,196,252,220,162,172,234,384,23
6,341,480,496,412,440,602,519,464,278,303,362,231,262,446,574,608,548,612,825,713,791,818,776,652,635,772,568,636,613,714,750,501,390,415, 639
,454,519,421,413,328,498,634,514,455,460,543,335,579, 645,500,495,618,477,471,620,448,205,357,397,377,434,523,418,353,394,315,444,595,561,746
662,582,534,546,595,585,493,366,187,324,390,304,340,561,559,456,309,493,447,463,529,449,597,447,480,577,574,677,498,585,375,466,510,373,477,4
04,630,707,619,638,604,664,497,654,665,584,585,721,569,753,604,459,445,518,469,325,559,652,432,294,477,427,378,422,341,435,375,325,134,264,44
1,340,538,241,476,175,339,327,320,301,109,221,377,436,473,379,404,502,358,379,354,383,284,246,231,382,330,326,418,353,388,463,613,450,282,420
,299,324,232,353,390,359,115,271,435,487,423,304,250,476,300,287,417,141,273,225,275,233,277,382,252,563,523,467,405,552, 626, 658,478,462, 614,
526,451,513,490,320,373,528,439,340,431,483,358,540,476,637,485,616,490,389,41,229,379,377,256,235,410,317,198,150,318,393,554,354,433,242,41
7,265,228,329,326,164,340,399,384,234,458,293,132,283,412,347,251,464,443,343,486,440,395,510,524,352,356,452,219,130,147,283,184,368,472,297
,240,67,241,492,439,566,419,453,360,604,496,405,303,182,283,0,69,8,197,102,229,262,212,261,339,404,241,335,360,399,494,521,466,443,784,577,59
1,445,551,567,641,672,489,613,537,570,543,603,237,172,442,538,586,553,609,702,693,646,472,601,636,596,688,797,649,821,741,677,563,404,577,736
,764,587,690,858,762,847,677,579,704,811,565,699,658,637,657,736,846,823,725,802,700,821,648,618,695,565,628,560,715,691,685,645,559,736, 664,
516,609,596,601,585,517,609,697,424,619,727,848,837,885,899,595,678,749,859,660,619,493,318,504,601,552,620,608,435,442,575,720,637,380,555,3
77,234,438,399,418,512,338,337,365,256,296,456,302,409,382,488,601,384,640,516,652,477,463,440,402,384,334,264,368,396,322,364,455,386,406, 44
9,436,536,691,666,547,495,634,616,744,602,595,557,334,401,383,487,594,551,543,518,544,614,448,552,433,548,442,737,669,477,686,775,856,546,576
,526,515,391,463,337,431,535,451,462,609,251,425,451, 359, 335,230,162,268,347,304,568,554,538,547,489,368,346,371,435,257,339,361,466,515,451,
354,326,373,402,419,445,443,573,382,389,233,272,171,219,113,166,158,231,261,57,228,167,120,412,487,458,301,317,319,516,361,336,301,326,264, 32
8,293,384,283,193,490,208,378,498,262,244,420,491,329,262,127,274,257,370,340,346,381,428,390,635,544,372,560,362,439,594,601,495,456,349,501
,513,505,349,456,497,577,316,517,586,716,563,509,522,441,330,434,612,552,314,453,522,668,443,516,610,617,641,470,436,638,550,542,469,392,546,
469,508,515,424,511,740,371,525,484,437,635,427,528,496,433,344,196,203,267,124,269,516,544,324,436,633,658,651,627,336,504,481,517,413,413,2
93,298,462,339,436,708,556,657,718,733,638,730,704,578,611,537,633,555,598,404,525,590,707,535,411,607,518,444,284,452,436,473,446,546,669, 61
8,596,625,613,548,567,893,378,447,450,546,499,686,636,623,574,666,673,621,718,510,751,523,679,604,640,682,703,706,878,603,738,580,589,725,733
,746,692,600,586,641,638,766,666,724,698,572,604,735,778,721,709,750,661,655,649,524,558,470,390,250,355,280,390,371,478,477,565,436,580,636,
696,633,799,773,739,627,855,699,788,597,684,999,893,876,988,853,796,775,606,841,831,592,711,750,739,833,1000,636,574,861,831,979,875,996,884
878,884,711,702,627,634,548,596,596,462,533,411,524,568,603,658,481,510,551,609,506,487,516,592,534, 544,
422,442,458,456,485,514,540,494,490,511,497,416,442,420,434,460,523,511,560,554,575,531,514,556,515,543,519,5
37,460,446,443,428,463,448,488,591,582, 605,576,587, 620,592,580,554,549,518,511,551,566,508,487,470,495,477,442,375,369,406,409,403,392,366,40
7,418,414,404,382,387,369,382,334,303,270,184,150,123,143,181,168,205,195,180,222,222,230,198,296,329,334,306,297,311,246,265,305,296,280,235
,315,383,403,418,426,459,482,456,428,424,405,437,363,411,442,471,486,485,477,528,548,530,558,481,432,474,521,559,534,500,474,460,447,469,458
465,520,475,481,477,492,475,473,471,502,545,534,578,630,605,652,636,695,696,722,683,691,703,735,804,839,820,844,792,770,774,734,744,729,667,6
26,648,617,594,662,674,684,725,692,725,712,709, 683,699,735,727,720,734,678,724,742,684,691,676,666,694,733,727,760,774,787,844,860,839,821,84
5,855,850,867,843,806,796,795,677,715,685,643,653,553,554,592,556,555,574,592, 552,529,505, 468,495,473,510, 446, 521,551,549,506,521,511,432,443
,408,472,437,444,401,378,402,386,406,417,417,440,456,480,544,555,552,542,515,548,548,553,480,428,467,451,418,401,353,404,404,427,400,424,407
393,456,451,410,423,421,413,417,468,447,459,422,519,555,555,561,626,659,639, 649, 683,687,706,715,626,586,548,588,577,571,588,567,583,518,448,3
79,375,402,435,469,484,408,407,425,403,396,427,410,425,409,404,331,403,447,459,513,557,559,589,601,589,592,570,538, 545, 600,623,645, 669,707,75
6,746,733,690,698,720,767,781,758,769,694,708,756,749,813,813,820,889,841,857,849,795,798,761,795,779,755,706,768,774,800,792,840,870,872,892
,851,932,974,962,964,905,947,1000, 986, 936,921,950, 955,927,923, 906,898,873, 934,883,890,878,894,891, 930,907,942, 916,865,839,910,853,887,929, 933
,909,846,847,813,820,823,796,776,775,767,805,796,781,808,729,676,674,643,625,654,661,715,729,803,785,738,714,693,693,751,784,735,758,760,739
735,729,687,690,648,593,557,572,563,581,566,506,523,438,451,474,472,462,518,536,573,589,554,561,625,711,747,772,853,878,820,836,888,885,815,8
07,847,835,911,853,786,794,765,695,654,608,587,610,593,519,490,524,486,403,439,404,377,375,401,387,323,392,393,395,362,351,334,330,331,302,29
5,273,285,315,295,340, 344, 320,320,257,214,163,222,203,171,175,126,122,179,189,203,137,213,179,155,165,138,184,232,243,310,335,354,407,397,354
,395,432,399,431,444,473,531,557,577,540,493,512,524,549,530,567,499, 551, 524,500,511, 541,567,537,532,577,627,618,548,540,542,596,573, 602,589
561,607,639,602,587,609,611,626,619,614,567,619,677,694,707,671,653,715,680,723,700,685,690,651,631,580,578,566,490,493,486,444,478,478,443,4
31,425,398,397,373,412,539,538,477,472,400,417,387,380,378,462,479,419,385,426,452,478,416,408,395,406,414,428,385,319,275,281,279,312,289,26
5,174,217,261,321,365,375,415,443,426,422,390,402,417,428,510,528,514,493,462,433,413,442,447,453,513,557,517,464,462,512,528,522,568,576,578
,604,576,549,575,524,539,491,472,438,480,566, 595, 546, 558, 623,560,575,574,569,539,561,593,606,610,581,530,512,488,545,537,467,484,502,554,514,
589,614,546,552,601,586,640,653,668,702,728,742,721,684,721,661,646,588,534,511,518,517,512,463,389,342,290,248,267,274,271,264,260,289,308,3
05,297,286,291,271,281,283,276,272,260,266,273,226,248,183,148,174,157,138,97,77,114,163,141,131,122,99,19,94,68,51,64,45,35,29,63,49,42,41,1
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1,0,22,84,64,83,106,167,156,168,165,169,133,143,156,173,177,118,140,203,220,224,208,253,231,215,239,258,221,248,340,357,290,279,294,361,400,4
16,438,475,478,494,524,543,570,581,578, 626, 622,670,660, 648,569,609,611,653,646,628,642,645,660,812,815,805,817,853,847,821,820,821,840,877,88
7,862,897,914,903,918,867,816,837,878,864,826,846,855,829,855,867,833,823,795,812,843,854};

// = - 421 Code Variables - -

// Variables for Yes or No to a stimulus

int Level 421 = 0; //Index that decides if we are on the 4,2,1 change

int Stimulus_Response_Current = -1; //Response to current stimulus (Dummy intialization for coding)
int Stimulus_Response_Last = //Response to last stimulus (Dummy intialization for coding)

int Stimulus_Number = 15; //Number of stimuli in the test

// Variables for power variables

int Motor_Power Input_Initial; //Initial power input for the threshold test

int Motor Level 421([3]; //Array that has the decimal changes for each motor based on 4,2,1

void setup() {

// Serial port
Serial.begin (9600);

// Starting motor
drv.begin();
drv.setMode (DRV2605_MODE_REALTIME) ;

// Setting up input pins for switches
pinMode (Test421_Switch_Pin, INPUT) ;
pinMode (TestSignal_Switch_Pin, INPUT) ;

// Setting up pins for buttons

pinMode (Buzz_Button_Pin, INPUT); digitalWrite (Buzz_Button_Pin, HIGH) ;
pinMode (No_Button_Pin, INPUT); digitalWrite (No_Button_Pin,HIGH);
pinMode (Yes_Button_Pin, INPUT); digitalWrite(Yes_Button_Pin,HIGH);

// Setting up LED
pinMode (LED_pin, OUTPUT); digitalWrite (LED_pin, LOW) ;

}

// Function that makes sure all pins and potentiometers are off
void everything off() {
digitalWrite (LED_pin, HIGH) ;
Serial.println("All OFF");
Test421_Switch Value = digitalRead(Test421_Switch_Pin); TestSignal_ Switch Value = digitalRead(TestSignal_ Switch_Pin);
Foot_Pot_Value analogRead (Foot_Pot_Pin); Motor_ Pot_Value = analogRead(Motor_ Pot_Pin); Signal_ Pot_Value = analogRead(Signal_Pot_Pin);
Pwr_Pot_Value = analogRead(Pwr_Pot_Pin); m_pwr = map(Pwr_Pot_Value,0,1023,0,100); m pwr = m_pwr/100;
while (Test42l Switch Value == HIGH or TestSignal_ Switch_Value == HIGH or Foot_Pot_Value > 122 or
Motor_Pot_Value > 22 or Signal_ Pot_Value > 122 or m_pwr > 0.15) {
Test421 Switch_Value = digitalRead(Test42l Switch _Pin); TestSignal Switch Value = digitalRead(TestSignal Switch_Pin);
Foot_Pot_Value = analogRead(Foot_Pot_Pin); Motor_ Pot Value = analogRead(Motor_ Pot_Pin); Signal_ Pot_Value = analogRead(Signal_Pot_Pin);
Pwr_Pot_Value = analogRead(Pwr_Pot_Pin); m_pwr = map(Pwr_Pot_Vvalue,0,1023,0,100); m_pwr = m_pwr/100;
}
Serial.println("All OK");
digitalWrite (LED_pin, LOW) ;

}

// Function that blinks to confirm entry
void LED_blink() (
for (kk = 1; kk <= 5; kk++) {
digitalWrite (LED_pin,HIGH); delay(system delay);
digitalWrite (LED_pin,LOW); delay(system delay);
}
}

void loop() {

// Selecting test to be done
Test421_Switch Value = digitalRead(Test421_Switch_Pin); TestSignal_ Switch Value = digitalRead(TestSignal_ Switch_Pin);
Yes_Button_Value = digitalRead(Yes_Button_Pin);
while (Yes_Button_Value == HIGH or (Test42l Switch Value == HIGH and TestSignal_ Switch_Value == HIGH) or
(Test421_Switch_Value == LOW and TestSignal_Switch_Value == LOW)) {
Test421 Switch_Value = digitalRead(Test42l Switch Pin); TestSignal Switch Value = digitalRead(TestSignal Switch_Pin);
Yes_Button_Value = digitalRead(Yes_Button_Pin);
}

// Printing test selection in Serial Monitor

if (Test421_Switch_Value == HIGH) {
Serial.print("421,");
} else {

Serial.print("Sig,");
}

// Confirming entry by blinking
LED blink();

// Selecting feet or foot to be tested, and interpreting the selection
Foot_Pot_Value = analogRead(Foot_Pot_Pin); Yes_Button_Value = digitalRead(Yes_Button_Pin);
while (Yes_Button_Value == HIGH or Foot_Pot_Value <= 122) {

Foot_Pot_Value = analogRead(Foot_Pot_Pin); Yes Button Value = digitalRead(Yes_Button_Pin);

}

if (Foot_Pot_Value >= 123 and Foot_Pot Value < 423) { //Left foot was chosen
Foot_Pot_Value = 1;

} else if (Foot_Pot_Value >= 423 and Foot_Pot_Value < 723) ({ //Right foot was chosen
Foot_Pot_Value = 0;

} else { //Left and right feet were chosen

Foot_Pot_Value = 1;
}

// Printing feet selection in Serial Monitor
if (Foot_Pot_Value 1) {
Serial.print ("L1,"
} else {
Serial.print ("LO,");
}
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// Confirming entry by blinking
LED blink();

// Selecting motor to be used, and interpreting the selection
Motor_Pot_Value = analogRead(Motor_Pot_ Pin); Yes_Button Value = digitalRead(Yes_Button_Pin);
while (Yes_Button_Value == HIGH or Motor Pot_Value <= 22) {

Motor Pot_Value = analogRead(Motor_ Pot_ Pin); Yes_Button_Value = digitalRead(Yes_Button_Pin);
}

if (Motor_Pot_Value >= 23 and Motor Pot_Value < 273) { //Mini motor was chosen
Motor Pot Value = 1;

} else if (Motor_ Pot_Value >= 273 and Motor_ Pot_Value < 523) { //Small motor was chosen
Motor Pot Value = 2;

} else if (Motor_ Pot_Value >= 523 and Motor_ Pot_Value < 773) ({ //Medium motor was chosen
Motor_ Pot_Value = 3;

else { //Large motor was chosen
Motor Pot Value = 4;
}

// Printing motor selection in Serial Monitor

if (Motor_Pot_Value 1) {
Serial.println("Mi");

} else if (Motor_Pot_Value == 2) {
Serial.println("Sm");

} else if (Motor_Pot_Value == 3) {
Serial.println("Me");

} else {

Serial.println("La");
}

// Confirming entry by blinking
LED blink();

// The signal test was selected
while (TestSignal_ Switch_Value == HIGH) ({

// Selecting the signal to be used, and interpreting the selection

Signal_Pot_Value = analogRead(Signal_Pot_Pin); Yes_Button Value = digitalRead(Yes_Button_Pin);

TestSignal Switch Value = digitalRead(TestSignal_ Switch_Pin);

while ((Yes_Button_Value HIGH or Signal_ Pot_Value <= 122) and TestSignal_ Switch Value == HIGH) ({
Signal_Pot_Value = analogRead(Signal_Pot_Pin); Yes_ Button Value = digitalRead(Yes_Button_Pin);
TestSignal_Switch Value = digitalRead(TestSignal_ Switch_Pin);

}

if (TestSignal_Switch_Value == LOW) { //Reset was pressed
break;

}

if (Signal_Pot_value >= 123 and Signal_ Pot_Value < 423) { //White signal was chosen
Signal_Pot_Value = 1;

} else if (Signal_Pot_Value >= 423 and Signal_Pot_Value < 723) { //Pink signal was chosen
Signal_Pot_Value = 2;

} else { //Brown signal chosen

Signal_Pot_Value = 3;
}

// Priting color selection in Serial Monitor
if (Signal_Pot_Value == 1) {
Serial.println("Wh");

else if (Signal_Pot_Value == 2) {
Serial.println("Pi");

else {

Serial.println("Br");

}

Serial.print ("\n");

// Confirming entry by blinking
LED blink();

// Selecting the power to be used, and interpreting the selection
Pwr_Pot_Value = analogRead (Pwr_Pot_Pin); m_pwr = map(Pwr_Pot_Value,0,1023,0,100); m_pwr = m_pwr/100;
Yes_Button_Value = digitalRead(Yes_Button_Pin);
TestSignal_Switch Value = digitalRead(TestSignal_Switch_Pin); kk = 1;
while ((Yes_Button_Value == HIGH or m_pwr <= 0.15) and TestSignal_ Switch_Value == HIGH) {
Pwr_Pot_Value = analogRead(Pwr_Pot_Pin); m_pwr = map(Pwr_Pot_Value,0,1023,0,100); m pwr = m_pwr/100;
Yes_Button_Value = digitalRead(Yes_Button_Pin);
TestSignal_Switch Value = digitalRead(TestSignal_ Switch_Pin);
if (kk == 20) {
Serial.println(100*m_pwr); kk = 0;
} else {
Serial.print (100*m_pwr); Serial.print(",");

}
delay(system delay); kk = kk + 1;

}

Serial.print ("\n");

if (TestSignal_Switch_Value == LOW) { //Reset was pressed
break;

}

// Confirming entry by blinking
LED blink();

// Based on the motor selection, select m_Vmax and mVmin, and calculate m Vdelta
if (Motor_ Pot Value == 1) { //Mini motor was chosen

m Vmax = 3.6; m Vmin = 1.3;

} else if (Motor_ Pot_Value == 2) { //Small motor was chosen
m Vmax = 1.8; m Vmin = 0.4;

} else if (Motor_Pot_Value == 3) { //Medium motor was chosen
m Vmax = 3.6; m Vmin = 0.6;

} else { //Large motor was chosen

m Vmax = 3.6; m Vmin = 0.3;

}
m_Vdelta = m_Vmax/127.0;

// Selecting low and high index values
m_signal_idx low = 901* (3* (Motor_ Pot_Value-1)+Signal_ Pot_Value)-901;
m_signal_idx_high = 901*(3* (Motor_Pot_Value-1)+Signal_ Pot_Value)-1;
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// Confirming to start the test
Buzz_Button_Value = digitalRead(Buzz_Button_Pin); TestSignal Switch_Value = digitalRead(TestSignal_ Switch_Pin);
while (Buzz_Button_Value HIGH and TestSignal_ Switch_Value == HIGH) {

Buzz_Button Value = digitalRead(Buzz_Button_Pin); TestSignal Switch Value = digitalRead(TestSignal Switch_ Pin);
}
if (TestSignal_Switch_Value == LOW) { //Reset was pressed

break;

}

// Signal is sent!!!
ii = m_signal_idx_low; kk = 1; Serial.print("\n");
while (ii <= m_signal_idx_high and TestSignal_Switch_Value == HIGH) ({

// Calculating the input for the motor

m_signal_curr = pgm_read word(&m_signal[ii]);

m_signal_curr_float = m_signal_curr/1000.0;

m_signal_curr_float = m_signal_curr_float* (m_Vmax*m_pwr-m_Vmin)+m_Vmin;
m_signal curr_float = m_signal curr_float/m_Vdelta;

m_signal dec = floor (m_signal_ curr_float);

m_signal_dec = Foot_ Pot_Value*m_signal_dec;

// Driving the motor
drv.setRealtimeValue (m_signal_dec);

// Printing motor signal
if (kk == 20) {
Serial.println(m_signal_dec); kk = 0;
} else {
Serial.print (m_signal_dec); Serial.print(",");

}

// Checking for reset
TestSignal_Switch Value = digitalRead(TestSignal_ Switch_Pin);

// Updating counters and applying delay
ii++; kk++; delay(system_delay);

}

drv.setRealtimeValue (0); //Stopping motor
if (TestSignal_Switch_Value == LOW) { //Reset was pressed
break;

}

Serial.print ("\n"); Serial.print("\n");

// Making sure everything is turned off before starting new test
everything off ();

}

// The 421 test was selected
Serial.print ("\n");
while (Test421_Switch Value == HIGH) ({

// Selecting the initial power input and levels for the 421 based on motor's selection

if (Motor_ Pot_Value == 1) { //Mini motor was chosen
Motor Power_ Input_Initial = 102;

Motor_ Level 421[0]=8; Motor Level 421[1]=4; Motor_Level 421[2]=2;

else if (Motor_ Pot_Value == 2) { //Small motor was chosen
Motor Power Input_ Initial = 97;

Motor_ Level 421[0]=9; Motor Level 421[1]=5; Motor_Level 421[2]=2;

else if (Motor_Pot_Value == 3) { //Medium motor was chosen
Motor Power Input_ Initial = 95;

Motor Level 421[0]=10; Motor_ Level 421[1]=5; Motor_ Level 421([2]=2;

else { //Large motor was chosen
Motor Power Input_ Initial = 93;

Motor Level 421[0]=11; Motor_Level 421[1]=5; Motor_ Level 421([2]=2;

}

// This is a buzz................
// Pressing the buzz button
Buzz_Button Value = digitalRead(Buzz_Button_Pin); Test42l_Switch_Value = digitalRead(Test42l Switch_Pin);
while (Buzz_Button_Value == HIGH and Test42l Switch_Value == HIGH) ({
Buzz_Button_Value = digitalRead(Buzz_Button_Pin); Test42l Switch Value = digitalRead(Test42l Switch_Pin);

}
if (Test421_Switch_Value == LOW) { //Reset button was pressed
break;

}

// Confirming entry by blinking
LED blink();

// Calibration buzz for 10 seconds, followed by 5 seconds of nothing
kk = 1;
for (ii = 1; ii <= 150; ii++) |
if (i1 <= 100) {
drv.setRealtimeValue (Foot_Pot_Value*Motor_ Power Input_Initial);
if (kk == 20) {
Serial.println(Foot_Pot_Value*Motor_ Power_ Input_Initial); kk = 0;
} else {
Serial.print (Foot_Pot_Value*Motor Power Input_Initial); Serial.print(",");
}
else {
drv.setRealtimeValue (0);
if (kk == 20) {
Serial.println(0); kk = 0;
} else {
Serial.print (0); Serial.print(",");

}
¥
kk++;
delay(system_delay) ;
}

Serial.print ("\n");
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// 421 Threshold test starts
for (ii = 1; ii <= Stimulus_Number; ii++) {

// LED ON on odd numbers

if (ii 1 or ii == 3 or ii == 5 or i1 == 7 or ii == 9 or ii == 11 or ii == 13 or
digitalWrite (LED_pin,HIGH);
} else {

digitalWrite (LED_pin, LOW) ;
}

// For the first trial, just use Motor_ Power Input_Initial with the foot selection
if (i1 == 1) {
m_signal_dec = Foot_Pot_Value*Motor_ Power_ Input_Initial;

}

ii

15)

{

// Driving motors for 6 seconds, and counting the number of seconds the feeling button is pressed

kk = 0;
for (33 = 1; jj <= 60; Fi++) {

// Moving the motor
drv.setRealtimeValue (m_signal_dec);

// Checking if it was felt and adding to the counter
No_Button Value = digitalRead(No_Button_Pin);
if (No_Button_Value Low) {
kk++;
¥

// Printing motor input in the command window

if (33 == 20 or jj == 40 or jj == 60) {
Serial.println(m_signal_dec);

} else {
Serial.print (m_signal_dec); Serial.print(",");

}

// Rpplying system's delay
delay(system_delay)

}

// Recording last response

if (Stimulus_Response_ Current != -1) {
Stimulus_Response_Last = Stimulus_Response_Current;

}

// Did the participant feel it? Analysis based on the answer
if (kk >= 45) { //Yes to sensation

// Modifying the current response
Stimulus_Response Current = 1;

// Updating 421 level and calculating next motor input (it goes down)

if (Stimulus_Response_Last == 0 and Level 421 != 2) { //Went from No to Yes

Level 421 = Level 421 + 1;
}
m_signal_dec = Foot_Pot_Value* (m_signal_dec - Motor_Level 421[Level 421]);

else { //No to sensation

// Modifying the current response
Stimulus_Response_Current = 0;

// Updating 421 level and calculating next motor input (it goes up)

if (Stimulus_Response_Last == 1 and Level 421 != 2) { //Went from Yes to No

Level 421 = Level 421 + 1;
}

m_signal_dec = Foot_ Pot Value* (m_signal_dec + Motor_Level 421[Level 421]);

}

// Check if test is terminated
Test421_Switch_Value = digitalRead(Test421_Switch_Pin);

if (Test421_Switch_Value == LOW) {
break;
}
}
if (Test421_Switch_Value == LOW) {
drv.setRealtimeValue (0);
break;

}

// Almost Successfull test!!!!

while (ii == Stimulus_Number+l and Stimulus_Response_Last == Stimulus_Response_Current)

// LED indication
digitalWrite (LED_pin, LOW) ;

{

and Level 421 changes

and Level 421 changes

//Reset button was pressed
//Turning off the motors

// Driving motors for 6 seconds, and counting the number of seconds the feeling button is pressed

kk = 0;
for (33 = 1; 33 <= 60; 33++) {
// Moving the motor

drv.setRealtimeValue (m_signal_dec);

// Checking if it was felt and adding to the counter
No_Button Value = digitalRead(No_Button_Pin);
if (No_Button_Value == LOW) {
kk++;
¥

// Printing motor input in the command window
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if (jj == 20 or jj == 40 or jj == 60) {

Serial.println(m_signal dec);
} else {
Serial.print (m_signal dec); Serial.pri

}

// BApplying system's delay
>lay (system_delay) ;

}

// Did the participant feel it? Analysis based on the answer
if (kk >= 45) { //Yes to sensation

// Modifying the current re

Stimulus_Response_Current 1;
// Updating 421 level and calculating next motor input (it goes down)
if (Stimulus_Response_Last == 0 a Level 421 != 2) { //Went from No to Yes, and Level 421 changes

Level 421 = Level 421 + 1;

}
m_signal_dec = Foot_ Pot_Value* (m_signal_dec - Motor_ Level 421 [Level_ 421]);

} else { //No to sensation

// Modifying the current response
Stimulus_Response Current = 0;

// Updating 421 level and calculating next motor input (it goes up)

if (Stimulus_Response_Last == 1 and Level 421 != 2) { //Went from Yes to No, and Level 421 changes
Level 421 = Level 421 + 1;

}

m_signal_dec = Foot_ Pot Value* (m_signal_dec + Motor_Level 421[Level 421]);

}

// Check if test is terminated

Test421_Switch_Value =

if (Test421_Switch_Value
break;

Test421_Switch_Pin);

}

// Finishing with extra s
ii = ii + 1;

}

//Turning off the motors
drv.setRealtimeValue (0) ;

if (Test421_Switch_Value ==
break;
}

{ //Reset button was pressed

// Fake vibration to know if the last stimulus was felt
for (33 = 1; jj <= 60; 3j++) {

// Printing motor input in the command window
i 20 or 33 40 or 33 60) {
.println(m_signal_dec);
} else {
Serial.print (m_signal_dec); Serial.print(",");
}
}
Serial.print ("\n");
// Making sure everything is turned off before starting new t

everything off () ;
}

// Making sure everything is turned off before starting new test
everything off();

// Reseting all variables
Level 421 = 0; Stimulus_Response_Current = -1; Stimulus_Response_Last = -1;

// Delay
delay(system_delay);

Arduino_Right_Master.ino
The code for the three Arduino UNOs that control the right foot’s vibrating components is almost the

same as the one used for the three Arduino UNOs that control the left foot’s vibrating components. The

only differences are two if-statements located lines 180 and 189 under the comments “// selecting
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feet or foot to be tested, and interpreting the selection",and “r/ Printing feet

selection in Serial Monitor”.Instead of using the left foot’s if-statements:

if (Foot_Pot Value >=
Foot_Pot_Value = 1;
else if (Foot_Pot_Value >= 423 and Foot_Pot_Value < 723) { //Right
Pot_Value = 0;

123 and Foot_Pot_Value < 423) { //Left foot was chosen

}

} else { //Left and right feet were chosen
Foot_Pot_Value 1;

}

if (Foot_Pot_Value == 1) {
Serial.print ("L1,");

} else {
Serial.print ("LO,");

}

Use the right foot if-statements:

if (Foot_Pot_Value >= 123 and Foot_Pot_Value < 423) ({ //Left foot was chose
Foot_Pot_Value = 0;

} else if (Foot_Pot Value >= 423 and Foot_Pot_Value < 723) ({ //Right fo
Foot_Pot_Value = 1;

} else { //Left and right feet were chosen

Foot_Pot_Value = 1;
}

if (Foot_Pot Value == 1) {
Serial.print ("R1,");

} else {
Serial.print ("RO,");

}

Motor Selector MATLAB Code

The code requires investigators to number their eccentric rotating motors at the external housing, and
to know what each number corresponds to. That means that it is needed to have a table that shows the
motor number and its respective motor size (307-105, 310-003, 306-10H, or 307-103), foot size (Short,
Middle or Long), and foot location (Heel, first or fifth metatarsal). In the example code below, motors

labeled as Mini, Small, Medium and Large correspond respectively to 307-105, 310-003, 306-10H and

307-103.

Main Code
%% Biodynamics Research Lab, University of Kansas
$Brett Whorley, November 2019

$This code determines which motors should be connected for vibrotactile
$testing on the BRL custom-manufactured silicone mat.

%In Section 2, the user enters the participant's foot length (LINE 31)
%and the current motor size (LINE 36). The program outputs the six (6
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gmotors to connect for testing, three (3) per foot. Motors are located
%at the base of the 1st and 5th metatarsals, and the heel of each foot.

%$Foot length guide: (Source: Mickleetal, 2010)
%Eligbility Criteria:
% Womens Shoe Size >= 6 Mens Shoe Size <= 14
% Mens Shoe Size Womens Shoe Size Foot Length Class
% M 6-8.5 W 7-9.5 Short
% M 8.5-10.5 W 9.5-11.5 Middle
% M 10.5-13 W 11.5-14 Long

clear; clc; close all; format compact;

oo

% Section 1: Motor Groupings (1-56)
%% USER SHOULD NOT ALTER ANYTHING IN THIS SECTION ***

oo

h 1;
[Heels,First Mets,Fifth Mets, Short,Middle,Long, Mini, Small, ...
Medium, Large, Right, Left] = motor groupings(h);

%% Section 2: *** This is the ONLY User Input Section ***

%Enter Foot Length based on shoe size guide above:
%Options: Short, Middle, Long

%Do NOT change variable name

valid length = Middle;

%Enter Motor Size for Vibration:

%Options: Mini (307-105), Small (310-003), Medium (306-10H), Large (307-103)
%Do NOT change variable name

valid size = Mini;

%%% USER DOES NOT NEED TO ENTER ANYTHING BEYOND THIS POINT ***

%% Section 3: Process User Inputs and Output Motors to Turn On
%%% USER SHOULD NOT ALTER ANYTHING IN THIS SECTION ***
[Motors On, Motors On Right, Motors On Left] = motor connections(valid length,valid size, Heels)

%% Section 4: Display Prompt for Participant

if valid size == Mini %$307-105

disp('Place heels on the WHITE dots, and align big toes with WHITE lines')
elseif valid size == Small %$310-003

disp('Place heels on the BLUE dots, and align big toes with BLUE lines')
elseif valid size == Medium $306-10H

disp('Place heels on the YELLOW dots, and align big toes with YELLOW lines')
elseif valid size == Large %$307-103

disp('Place heels on the GREEN dots, and align big toes with GREEN lines')
end

%% End Program

Functions
function [Heels,First Mets,Fifth Mets, Short,Middle,Long, Mini, Small, ...
Medium, Large, Right, Left] = motor groupings (h)

%Group by Anatomical Location

Heels = sort([30 29 34 33 25 27 26 28]);

First Mets = sort([49 48 47 40 39 38 52 51 50 43 42 41 1 2 3 11 22 24 5
7 12 14 15 16]);

Fifth Mets = sort([56 45 44 46 32 31 55 54 53 37 36 35 6 10 4 20 21 23
8 9 13 17 18 19]);
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%$Group by Foot Length

Short = sort([44 31 47 38 53 35 50 41 3 24 4 23 12 16 13 19]);
Middle = sort([45 32 48 39 54 36 51 42 2 22 10 21 7 15 9 18])
Long = sort([56 46 49 40 55 37 52 43 1 11 6 20 5 14 8 17]);

’

%Group by Motor Size

Mini = sort([37 36 35 33 43 42 41 14 15 16 17 18 19 28])
Small = sort([46 32 31 29 38 39 40 11 22 24 27 20 21 23]
Medium = sort([55 54 53 50 51 52 34 5 7 12 26 8 9 131);
Large = sort ([56 45 44 30 47 48 49 1 2 3 25 4 6 101);

)i

%Group by Rt/Lf Foot
Right = [1:28];
Left = [29:56];

end %$end function
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function [Motors On, Motors On Right, Motors On Left] =
motor connections(valid length,valid size,Heels)

$Identify Metatarsal Motors
for 1 = l:length(valid length)
for j = l:length(valid size)

if valid length(i) == valid size(3)
valid overlap(i) = valid length(i);
end
end
end
Motors Mets idx = find(valid overlap > 0);

Motors Mets = valid_overlap (Motors Mets_ idx);
clear valid overlap;

%Identify Heel Motors
for i = 1l:length(Heels)
for j = l:length(valid size)
if Heels(i) == valid size(3J)
valid overlap (i) = Heels(i);
end
end
end

Motors Heels idx = find(valid overlap > 0);
Motors Heels = valid overlap (Motors Heels idx);

%Assemble Array of Six Motors
Motors On Unadjusted = sort([Motors Mets,Motors Heels]);

%$Adjust for broken motors with nearest neighbors (If needed)

for 1 counter = l:length(Motors_On Unadjusted)
if Motors_On Unadjusted(i_ counter) == 56 %$Large Motor, Lf 5M Long
Motors On Unadjusted (i counter) = 45;
elseif Motors On Unadjusted(i counter) == 44 %Large, Lf 5M Short
Motors On Unadjusted(i counter) = 45;
elseif Motors On Unadjusted (i counter) == 43 %Mini, Lf 1M Long
Motors On Unadjusted (i counter) = 42;
elseif Motors On Unadjusted(i counter) == 1 %Large, Rt 1M Long
Motors On Unadjusted(i counter) = 2;
elseif Motors_On Unadjusted(i_counter) == %$Large, Rt 5M Short
Motors On Unadjusted (i counter) = 10;
end
end

140



$Identify Six Motors to Turn On
Motors On = sort (Motors On Unadjusted);

$Identify Right/Left Foot Motors for Reference
Motors On Right idx = find(Motors On < 29);
Motors On Right = Motors On(Motors On Right idx);

Motors On_ Left idx = find(Motors On > 28);
Motors On_Left = Motors_On (Motors On_Left idx);

end %end function

Modified 421 Protocol
The modified 421 [95] uses the original stepping protocol, number of stimuli and starting point [94].

However, instead of having the researcher cue the participant on whether they feel vibration, the
participant presses and holds a button every time they feel vibration. Also, the stimulus length in the
original 421 was never defined, so it was decided for the modified 421 to use 6 seconds per stimulus.
This allowed the protocol to control for the duration of the protocol, which is approximately 2 minutes.
The original 421 protocol did not define neither if the stimuli had to be continuous, or intermittent. In
other words, if the power level is meant to go from 90 to 94, is the power level meant to goto 0 in
between 90 and 947 Or, is it meant to go from 90 to 94 without stopping the motors? Since, it was not
defined, it was decided for the modified 421 protocol to keep the motors moving continuously to avoid
any transient behavior (i.e., sudden starts and stops) that could affect the participant’s sensing
threshold. Given that each stimulus lasts 6 seconds, a positive response towards vibration is recorded if
the button is pressed for more than 4.5 seconds in each stimulus. Finally, the sensing threshold is
calculated as originally proposed (i.e., average of all 1-steps turnovers). Further details in the

modifications and their justifications are described in a previous study [95].

Manufacturing Documentation

Step 1: Build the mold for the vibratory mat, insert the pedestals for all vibrating component, and spray

plenty on non-stick fluid. Next, pour half of the Shore A50 silicone (Height = 5 mm) without overflowing
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the mold’s sides or pedestals. Make sure a flat working table or bench is used for this step and

throughout the entire manufacturing process. Let the silicone rest for at least 24 hours

Figure 24: Manufacturing step 1 for new vibratory mat

Step 2: Place eccentric rotating motors on their respective pedestals, as well as the two halves of the
PCB board on the sides of the mold. In the next step, soldering the wires of all motors to the PCB boards

will be required, so aim the motors’ wires with the goal of making next step easier.

Figure 25: Manufacturing step 2 for new vibratory mat

Step 3: Solder all motors to the PCB boards and record the pin numbers that are getting connected to all

wires (negative and positive of each motor). It is acceptable to use the entire area of the mat; however,

142



avoid placing wires on other eccentric rotating motors. To keep wires from moving during this step,

place a small piece of tape on any wires that have been soldered to the PCB boards.

Figure 26: Manufacturing step 3 for new vibratory mat

Step 4: Clamp the mold side sliders (A), spray the sides that will touch the mat with non-sticking spray,
and cover any gaps created between the side sliders and the mold. Due to the thickness of the PCB
boards, a small gap will be created on each side that must be covered with a moldable and non-
permanent material (e.g., Play Dough). Next, pour the second half of Shore A50 silicone (other 5 mm) on

top of the vibratory mat, and let is rest again for at least 24 hours.

Figure 27: Manufacturing step 4 for new vibratory mat
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Step 5: Remove mat and the mold side sliders from the mold. The mat should easily leave the mold, if
enough non-stick spray was used. The pedestals might not stay on the mold’s bottom. If this happens,

use pliers to remove them from the mat, and attach them again to the mold’s bottom.

Figure 28: Manufacturing step 5 for new vibratory mat

Step 6: Flip the mat, and fill with enough Shore A50 silicone any holes created by the pedestals. Let eh
silicone rest for at least 24 hours, and in case small bumps are created when filling the holes, sand them

down with sandpaper.

Figure 29: Manufacturing step 6 for new vibratory mat
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Step 7: Attach the cork and soft layers to the top of the vibratory mat and draw the feet placement
instructions. A small circle is needed for all heels, as well as lines that indicate a 14-degree angle

between the participants’ big toes.

Figure 30: Manufacturing step 7 for new vibratory mat

Step 8: Put together the external housing for the vibratory mat and connect the PCB boards to the side
of the external housing. To do so for each motor, solder two wires (negative and positive) to the PCB
following the connections created in Step 3. The wires must be long enough that when twisted, they go
passed the side of the external housing. Insert the nut and washer of the BNC wall mount through the
twisted wires and solder the wall BNC mount to the other end of the wires. Finally, slide the twisted
wires through the slot of the external housing’s side and clamp the BNC wall mount. Number the BNC
wall mount, so it is possible to tell which motor will be operated, if that BNC wall mount is connected to

the controller.
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Figure 31: Manufacturing step 8 for new vibratory mat

After all steps are completed, the final product is described by the image below. A final
recommendation is to add strong fabric or string nylons under the external housing, allowing the

movement of the entire device without putting unnecessary tension on wires.

b

e

Figure 4: New vibratory mat

Vibratory mat controlled by custom-built Arduino code that uses validated white, pink, and brown inputs for each of the offered
motors. Four sets of motors (307-105, 310-003, 306-10H and 307-103 from Precision Microdrives, UK) are embedded in a 10-
mm think Shore A50 silicone, and each set of motors accommodate multiple shoe sizes by offering three ranges of shoe sizes.

Finally, the mat directs participants to follow a standardized stance. Further details in Chapter 3 of this dissertation.
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Chapter 4 Appendix
Data Manipulation to Determine Exerted Force

For every motor, feet setting, simulated participant’s weight, and power level, the following data
manipulation was required to determine the exerted force by the vibratory mat. Motor 307-103, Feet

Setting BF, Simulated Weight = 34 kg, and Power Level = 60% will be used as example.

Step 1: The force plate (AMTI, Watertown, MA, USA) kinetic data was recorded for 10 seconds at 2500
Hz using a 16-bit A/D CED Power mkil and Spike2 (Cambridge Electronic Design, UK), while the vibratory
mat’s power level was held constant. The recording period was longer than 10 seconds (~15 seconds);
however, the motor was only in motion for 10 seconds as the green highlight at the top of Figure 32

shows it.
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Figure 32: Step 1 to determine exerted force or frequency by vibratory mat

Kinetic data of Motor 307-103, Feet Setting BF, Simulated Weight = 34 kg, and Power Level = 60% under the Static Test set-up,
used to determine the exerted force of the vibratory mat. Green highlight shows when the motor was ON.

Step 2: The resultant ground reaction force was calculated using the x, y, z directions <nyz =

E? + Fy2 + FZZ>, which were filtered previously with a band-pass whose cut-off frequencies were 20 Hz

and 400 Hz [21], [27], [49], [55]. The unfiltered (blue data) and filtered (orange) data are displayed to
show that the band-pass filter did not alter the vibration exerted by the motors; but removed any

system’s noise (Figure 33).
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Figure 33: Step 2 to determine exerted force by vibratory mat

Raw (Blue) and 40-200Hz band-pass filtered (Orange) kinetic data of Motor 307-103, Feet Setting BF, Simulated Weight = 34 kg,
and Power Level = 60% under the Static Test set-up.

Step 3: The resultant ground reaction force was then rectified with a 10 Hz time window (i.e., frequency

at which new inputs were given to the motors) over the period that the motors were activated

(Frect = %ftt_o'l[nyz(t)]zdt) The middle 50% of the time series was extracted, and an average and

standard deviation were calculated to quantify the force exerted by the motor at a given power level.
The middle part of the data was used to avoid any transient behavior at the start and end of the

vibration (Figure 34).

307-103 | BF | Pwr = 60%

20

15

[N]

1 e .
[

51

0 5 10 15
Time [s]

Figure 34: Step 3 to determine exerted force by vibratory mat

Rectified resultant force every 0.1-second windows (Blue), and average and standard deviation (black line and shade) that
quantify the force exerted by the motor at a given power level. Graph is for Motor 307-103, Feet Setting BF, Simulated Weight =
34 kg, and Power Level = 60% under the Static Test set-up.

These steps were then repeated for all motors (307-105, 310-003, 306-10H and 307-103), feet settings

(LF, BF and RF), simulated participants’ weights (34 kg, 75 kg, and 115 kg), and power levels (20% to
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100% increments of 10%) to obtain the figure that shows all exerted forces by the vibratory mat (Figure
9).

Data Manipulation to Determine Exerted Frequency

For every motor, feet setting, simulated participant’s weight, and power level, the following data
manipulation was required to determine the exerted frequency by the vibratory mat. Motor 307-103,

Feet Setting BF, Simulated Weight = 34 kg, and Power Level = 60% will be used as example.

Step 1: The force plate (AMTI, Watertown, MA, USA) kinetic data was recorded for 10 seconds at 2500
Hz using a 16-bit A/D CED Power mkll and Spike2 (Cambridge Electronic Design, UK), while the vibratory
mat’s power level was held constant. The recording period was longer than 10 seconds (~15 seconds);
however, the motor was only in motion for 10 seconds as the green highlight at the top of Figure 32
shows it. Step 1 to determine the exerted frequency by the vibratory mat is the same Step 1 to
determine the exerted force by the vibratory mat, meaning that both data manipulations can be done in

parallel.
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Figure 32: Step 1 to determine exerted force or frequency by vibratory mat

Kinetic data of Motor 307-103, Feet Setting BF, Simulated Weight = 34 kg, and Power Level = 60% under the Static Test set-up,
used to determine the exerted force of the vibratory mat. Green highlight shows when the motor was ON.

Step 2: Power spectrum density plots were developed for each of the ground reaction forces (x, y, and z
directions). Figure 35 shows the power spectrum generated by the vibratory mat (i.e., Blue lines), static
weight that simulates the participant’s weight (i.e., Red lines), and force plate when no load is on it or

the vibratory mat is operated (i.e., Black Lines).
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Figure 35: Step 2 to determine exerted frequency by vibratory mat

Power spectrum density plots for all ground reaction forces of Motor 307-103, Feet Setting BF, Simulated Weight = 34 kg, and
Power Level = 60% under the Static Test set-up. Blue, red and black lines represent the power spectrum for the vibration,
simulated weight and zeros (i.e., force plate without weight or vibration).

Step 3: The frequencies at which power spectral density behavior started and ended were recorded
using visual inspection (Figure 35). The visual inspection consisted on determining when the power
spectrum of the vibration (Blue line in Figure 35) significantly diverged from the power spectrum of the

simulated weight and/or zeros (Red and/or Black lines in Figure 35).

Step 4: The power spectrum of the vibration with respect to the power spectrum of the force plate
alone (i.e., Zeros) was calculated for each direction (Figure 36). Given that this subtraction could yield
negative values (not mathematically possible), the smallest positive value in each direction was used as
the lowest possible answer. Among the three directions, the frequency at which the largest difference
occurred was selected and labeled as the frequency exerted by the vibratory mat. It must be pointed out

that this selection was only done between the starting and ending frequencies determined in Step 3.
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Figure 36: Step 4 to determine exerted frequency by vibratory mat

Power spectrum density plots of the vibration with respect to zeros for all ground reaction forces of Motor 307-103, Feet Setting
BF, Simulated Weight = 34 kg, and Power Level = 60% under the Static Test set-up.

These steps were then repeated for all motors (307-105, 310-003, 306-10H and 307-103), feet settings
(LF, BF and RF), simulated participants’ weights (34 kg, 75 kg, and 115 kg), and power levels (20% to
100% increments of 10%) to obtain the figure that shows all exerted frequencies by the vibratory mat
(Figure 10).

Regression Analysis on Exerted Magnitude and Frequency

Linear and quadratic regression models were fitted into the exerted forces (Figure 9) and frequencies
(Figure 10) for a given feet setting and motor. The liner and quadratic regression models respectively
consisted of y = Ay + Ayx; + Ayx,and y = Ag + Ay xq + Ayxy + A3x? + Ayxix, where A, are
coefficients, x1 is power level and x; is simulated weight. A comparison between the linear and quadratic
models through Adjusted R? and RMSE is given in Table 13. It is possible to see that a quadratic

regression model yielded better fits for all exerted forces and frequencies when compared to the linear
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regression models (i.e., R%q; was closer to 1, and RMSE was lower for the quadratic models when

compared to all linear models). Column “Lin vs. Qua” in Table 13 indicates in the first letter from left-to-

right the model had a better R%,q;, while in the second letter the model had a better RMSE. The

estimates (without their prediction bounds) for the exerted forces and frequencies calculated by the

guadratic regression models are displayed respectively in Figure 37 and Figure 38.

Table 13: Comparison of linear and quadratic regression fits

Motor Feet Lin: R%.; Lin: RMSE Qua: R%g; Qua: RMSE | Linvs. Qua
307-105 LF 0.9233 0.2486 0.9307 0.2363 Qq
BF 0.8497 0.3547 0.8973 0.2932 Qa
RF 0.3389 0.4059 0.5200 0.3459 Qa
@ | 310003 | iF |7 Tos1s9 | 06659 | 09849 | 02819 aa |
= BF 0.9045 0.9633 0.9805 0.4351 Qa
® RF 0.8360 0.9808 0.9499 0.5421 Qa
2 |T30610H | F |7 o895 | 0.8568 | 09811 | 03595 | aa |
§ BF 0.8898 1.0873 0.9638 0.6228 Qa
& RF 0.8956 0.5207 0.9052 0.4960 Qa
7307103 | LF | 08476 | 12106 | 08793 |  10772] aa |
BF 0.8986 1.4765 0.9239 1.2792 Qa
RF 0.8849 1.2430 0.9167 1.0575 Qa
307-105 LF 0.9387 10.3453 0.9460 9.7109 QQ
BF 0.7702 17.4366 0.8188 15.4812 QQ
RF 0.2284 49.4248 0.2599 48.4066 QQ
> | 310003 | F | 06775 | 260475 | 07025 | 250166 | Qa |
s BF 0.8763 17.0787 0.8798 16.8320 QQ
g RF 0.7197 27.1653 0.7239 26.9600 Qa
% T306-10H | LF | 09644 |  11.2794 | 09684 | 106218 | aQQ |
£ BF 0.9649 11.2231 0.9823 7.9611 QQ
fw RF 0.9630 10.7633 0.9642 10.5790 Qa
7307103 | LF | 09726 | 76871 | 09884 | 50034 | Qa |
BF 0.9278 13.7061 0.9658 9.4302 QQ
RF 0.9550 10.9433 0.9716 8.6886 QQ

Adjusted R? and RMSE for linear (Lin) and quadratic (Qua) regression models. Column “Lin vs. Qua” shows in the first letter (left
to right) which model has a better Adjusted R2, while the second letter displays which model has a better RMSE.
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Figure 37: Forces exerted by the mat - Quadratic regression estimates

Rows represent the feet setting (LF, BF or RF), while columns represent the motor (307-105, 310-003, 306-10H and 307-103). In
each subplot, the predicted exerted force by a quadratic regression model are displayed under three simulated participants’
weights (34 kg, 75 kg, and 11 kg).
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Figure 38: Frequencies exerted by the mat - Quadratic regression estimates

Rows represent the feet setting (LF, BF or RF), while columns represent the motor (307-105, 310-003, 306-10H and 307-103). In
each subplot, the predicted exerted frequency by a quadratic regression model are displayed under three simulated participants’
weights (34 kg, 75 kg, and 11 kg).
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Using the 95% functional and simultaneous prediction intervals displayed in Figure 11 and Figure 12, the
following comparisons were done for the exerted forces and frequencies. From Figure 39 to Figure 42, it
is displayed by a line when two or more prediction bounds overlap, stating that the regression outputs
were not statistically different based on a 95% confidence level. If there is a line for a single case in the

y-axis, this indicates that it was not possible to overlap such case’s prediction bounds with other ones.

e  Within each motor and feet setting (i.e., subplots of Figure 11 or Figure 12), it was assessed if
the regression’s output (force or frequency) for a given power level differed across simulated
weights. Results in Figure 39 and Figure 40.

e  Within each motor (i.e., columns of Figure 11 or Figure 12), it was assessed if the regression’s
output for a given power level differed across feet settings. This was done for each simulated
weight. Results in Figure 41 and Figure 42.

e Within each feet setting (i.e., rows of Figure 11 or Figure 12), it was assessed if the regression’s
output for a given power level differed across motors. This was done for each simulated weight.

Results in Figure 43 and Figure 44.
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Figure 40: Comparison of frequencies for simulated weights within motor and feet setting
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Figure 41: Comparison of forces for feet settings and simulated weights within a motor
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Figure 42: Comparison of frequencies for feet settings and simulated weights within a motor
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Figure 43: Comparison of forces for motors and simulated weights within feet setting
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Figure 44: Comparison of frequencies for motors and simulated weights within feet setting
Mi: 307-105, Sm: 310-003, Me: 306-10H, and La: 307-103

157



Chapter 5 Appendix
Reliability of Vibratory Mat’s Outputs

It was determined in Chapter 4 that the hanging and static tests yielded almost perfect results for the
307-103 motor. According to the handing test (Figure 6 Left), it was found that motor 307-103 could
output accurate white, pink, and brown vibrations from its lowest power (20%) to its maximum power.
According to the static test (Figure 6 Middle), it was found that motor 307-103 could output white
vibrations, and that the ability to output a pink or brown vibration became more plausible as larger
powers were used. However, this inability to produce accurate pink and brown vibrations at low power
levels was justified by the obtained low signal-to-noise ratios and the non-stationary qualities that pink

and brown signals have.

Figure 6: Testing set-ups to record vibrating outputs

(Left) Hanging Test: A vibrating component is clamped to a hanging platform that free to move, and vibrations are recorded by
an accelerometer that is attached to the handing platform. (Middle) Static Test: Static weights are placed on a manufactured
vibratory device, and the forces exerted by the embedded motors are recorded by a force plate located under the vibratory
device. (Right) Dynamic Test: A human is placed on a manufactured vibratory device, and the forces exerted by the embedded
motors are recorded by a force plate located under the vibratory device. Filtering techniques are needed to separate human
sway from the forces exerted by the motors.
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Figure 45 (left) shows that the vibratory mat using motor 307-103 was able to output white vibrations
for all participants. It was also possible to notice that the hanging, static and dynamic tests (Figure 6)
results agreed in terms of the signal’s color and quality. The high similarities between all tests could
allow future investigators to test white vibrations without manufacturing a vibratory mat or insole and
have confidence that their results are going to be replicated once their motors are embedded in their

devices.

Figure 45 (center) shows that according the hanging and dynamic tests, the vibratory mat using motor
307-103 was able to output pink vibrations for all participants. It was also possible to notice that the
difference between the hanging and static results is larger, when compared to the difference between
the hanging and dynamic results. Even though it is outside the scope of this pilot study or dissertation,
pressure distribution is a possible explanation to why the dynamic results were better than the static
results. Empirically while testing various motors, it was noticed that a motor’s amplitude could be
“muted” if high compressions were applied. The static test set-up places a dead weight on the vibratory
mat, which is a time-invariant pressure distribution across the vibratory mat. On the other hand, when a
participant stands on the vibratory mat and sways, pressure distributions in the feet change during the
trial. It is possible that for some time, the participant applies more pressure at the heel than at the
metatarsals, allowing the metatarsals motors “breathe” while the motors at the heel are “muted”.
Possible moments like this one could allow one or more motors be more noticeable by the force plate,
increasing the signal-to-noise ratio; thus, fixing one of the possible limitations listed in Chapter 4. In fact,

Figure 45 (center) shows a possible instance where this could had happened.

Referring to Figure 45 (center), participants s1003 and s2001 received similar power levels in their pink
vibration visit (33% and 30% respectively). The closeness in power levels was reflected on how close the

static test results were. However, this closeness was not reflected in the dynamic results. Participant
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s1003, according to the dynamic results, received a more accurate pink vibration than participant s2001,
when the hanging and static results state that s1003 and s2001 should had received similar pink
vibrations. Given this observation, it is possible that the pressure distributions created by s1003 favored
the signal-to-ratio in the dynamic test, allowing the DFA yields better results. It is possible to claim that
the participant’s sway (not pressure distribution) altered the DFA; however, we negate this possibility.
The low-pass filter with cut-off frequency equal to 20 Hz [21], [27], [49] was set because from personal
and other investigators’ experience, human sway normally stays under 10 Hz. In addition, when testing
all motors in the vibratory mat through hanging, static and dynamic test set-ups, frequency analysis
content was done to make sure the motors were only present above 20 Hz. Therefore, band-pass
filtering the motor data between 20 Hz and 400 Hz [21], [27], [49] removed all sway data, which follows
our experimental frequency analysis results, as well as the motors’ specifications set by Precision

Microdrives, UK (motors’ manufacturers).

Figure 45 (right) also shows the possible influence of pressure distribution in the accuracy of a signal.
Participants s1003 and s2001 received the same power level during their brown vibration visit (33%),
which according to the hanging results, both participants should had received similar brown vibrations.
Based on the static results, a difference in favor of s2001 was expected. However, participant s1003
ended up receiving a vibration closer to brown. Figure 45 (right) also shows an amplified version of the
behavior seen in the pink vibration (Figure 45, center). That is, a larger difference between the hanging
and static results, when compared to the difference between the hanging and dynamic results. This
amplified behavior can be explained again by the conclusions drawn from Chapter 4: low signal-to-noise

ratios in brown vibrations output, and the non-stationarity feature that a brown signal has.

The observations derived from Figure 45, plus the conclusions drawn from Chapter 4 recommend future

investigators interested in the validation of their vibratory outputs to consider the following:
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e The nature of their vibratory signals, since more stationary signals (e.g., white) allow more
constant readability by the force plate while it records vibrations.

e The signal-to-noise ration of the experiment, which will dictate the choice of sensor
(accelerometer, force plate, etc.).

e The possible influence of pressure distribution in the motors, since the dynamic results were

better than the static results for pink and brown vibrations in our pilot study.
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Figure 45: Vibratory mat's colors according to hanging, static and dynamic tests for the pilot study

Left, center and right columns represent respectively the white, pink, and brown sessions for the participants of the pilot study.
The top plots represent the DFA a, while the bottom plots represent the DFA R2. In all plots, the acceptable range is shown as a
gray shaded area.

Regressions’ Parameters and Information

Table 14 to Table 16 show the coefficients of the regression equations displayed from Figure 20 to
Figure 22, as well as the fitting parameters for such regressions. The coefficients have the average value,

as well as their confidence intervals inside parenthesis. The information on the regression equations was
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separated by the participant’s group (old and young), as well as by the COP direction (AP, ML, and

Spatial) and COP measure (RMS or 95% Ellipse, SampEn, and DFA a).

Table 14: STIM - BLma: o BLumat Regression Coefficients and Fitting

AP ML Spatial
[o][¢] Young oid Young [o][¢] Young
o m -0.56 -0.051 -0.46 -0.30 -0.41 -0.58
2 (-1.35...0.23) (-0.75 ... 0.64) (-0.95 ... 0.03) (-0.62...0.02) (-1.01...0.18) (-0.87...-0.29)
w
§ b 0.006 0.0076 0.022 0.019 8.1e-05 0.0001
o (-0.002 ...0.015) | (-0.006...0.021) | (-0.001 ...0.045) | (0.001...0.038) | (-6.3e-05...0.0002) | (-2.2e-05 ... 0.0003)
)
g RZagj 0.119 -0.097 0.232 0.236 0.111 0.631
& RMSE 4.554E-03 1.163E-02 4.242E-03 4.379E-03 7.847E-05 1.138E-04
m -0.72 -1.87 -0.78 -0.43 -1.26 -0.46
= (-1.44 ...-0.004) (-2.78 ...-0.95) (-2.09...0.53) (-1.16 ...0.30) (-2.53...0.01) (-0.89 ...-0.03)
c 2
. E b 0.25 0.52 0.26 0.16 0.38 0.14
g ~ (-0.003 ... 0.5) (0.27...0.77) (-0.06 ... 0.59) (-0.02 ...0.35) (0.02...0.74) (0.03...0.25)
w I
~§— RZaqj 0.268 0.642 0.065 0.063 0.260 0.298
RMSE 0.0733 0.0494 0.1222 0.0803 0.0911 0.0480
m -0.44 -0.87 -0.92 -0.84 -0.99 -0.71
(-0.89...0.004) | (-1.54...-0.21) (-1.39...-0.45) | (-1.92...0.24) (-1.62...-0.35) (-1.61...0.18)
v
: ﬂ b 0.50 1.06 1.07 1.00 1.14 0.88
e (-0.03 ... 1.04) (0.28...1.83) (0.52...1.62) (-0.27 ... 2.26) (0.41...1.86) (-0.18 ... 1.95)
=)
= RZaqj 0.260 0.406 0.620 0.154 0.500 0.162
RMSE 0.0713 0.0845 0.0713 0.1161 0.0793 0.1106
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Table 15: Ty - BLmat ¢ BLmat Regression Coefficients and Fitting

AP ML Spatial
old Young old Young [o][¢] Young
o m 0.032 -0.38 -0.73 -0.13 -0.61 -0.15
2 (-0.51...0.57) | (-0.93...0.16) | (-1.12...-0.33) (-0.41...0.15) (-1.07 ...-0.15) (-1.58...1.27)
w
§ b 0.0007 0.013 0.034 0.008 9.8e-05 0.0002
@i (-0.005 ... 0.006) | (0.002...0.02) | (0.016...0.053) | (-0.009...0.024) | (-1.2e-05...0.0002) | (-0.0006 ... 0.0009)
)
‘é’ RZagj -0.098 0.117 0.590 0.002 0.419 -0.094
& RMSE 3.101E-03 9.150E-03 3.417E-03 3.869E-03 5.976E-05 5.590E-04
m -0.2 -1.54 -1.02 -0.74 -1.48 -0.84
= (-0.9...0.43) (-2.6...-0.48) (-1.79...-0.24) (-1.39...-0.10) (-2.45...-0.51) (-1.3...-0.37)
'-‘g_ E b 0.083 0.40 0.29 0.16 0.41 0.17
§ & (-0.15...0.32) (0.11...0.69) | (0.093...0.48) (-0.01...0.32) (0.14 ... 0.69) (0.052 ... 0.29)
é RZaqj -0.037 0.465 0.409 0.336 0.488 0.581
RMSE 0.0680 0.0569 0.0722 0.0712 0.0696 0.0521
m -0.057 -1.10 -0.42 -0.13 -0.71 -0.62
(-0.73...0.61) | (-1.68...-0.52) | (-0.98...0.14) (-1.31...1.05) (-1.73...0.31) (-1.62...0.37)
v
: ﬂ. b 0.015 1.35 0.44 0.14 0.79 0.77
5 4 (-0.78 ...0.81) (0.67 ... 2.03) (-0.22...1.09) (-1.24 ... 1.53) (-0.38... 1.95) (-0.4...1.9487)
=)
= RZagj -0.096 0.603 0.137 -0.093 0.114 0.080
RMSE 0.1064 0.0739 0.0849 0.1269 0.1271 0.1220
Table 16: Tp - STIM ocSTIM Regression Coefficients and Fitting
AP ML Spatial
(o] [¢] Young oid Young old Young
o m -0.23 -0.36 -0.35 0.035 -0.41 0.54
é- (-0.75...0.29) (-0.59...-0.12) (-0.56 ... -0.15) (-0.32...0.39) (-0.72...-0.1) (-1.84...2.92)
w
§ b 0.002 0.008 0.017 -0.004 6.0e-05 6.5e-05
o (-0.003...0.008) | (0.002...0.014) | (0.007...0.026) | (-0.025...0.018) | (-1.0e-05...0.0001) | (-0.0008 ... 0.0009)
(=]
g RZaqj -0.001 0.494 0.560 -0.095 0.420 -0.073
&« RMSE 3.611E-03 5.299E-03 1.557E-03 4.074E-03 4.155E-05 5.515E-04
m -0.53 -0.21 -1.21 -0.53 -1.19 -0.61
= (-1.27...0.21) (-0.67...0.24) | (-1.60...-0.82) | (-0.99...-0.07) (-1.73 ...-0.64) (-1.12...-0.09)
e
. i b 0.18 0.032 0.35 0.08 0.34 0.1
§ ,.I,I,‘ (-0.07 ...0.45) (-0.1...0.16) (0.22 ... 0.48) (-0.07...0.22) (0.16 ... 0.52) (-0.04 ...0.25)
£ RZagj 0.122 0.008 0.814 0.335 0.669 0.348
RMSE 0.0798 0.0387 0.0673 0.0601 0.0716 0.0473
m -0.2 -0.46 -0.97 -0.077 -0.73 -0.30
(-1.17...0.76) (-0.95...0.02) (-2.00...0.06) (-0.64 ...0.49) (-1.86...0.41) (-0.91...0.31)
v
: ﬂ. b 0.2 0.59 1.08 -0.065 0.81 0.36
LA (-0.91...1.34) (0.002...1.18) | (-0.12...2.28) (-0.61...0.74) (-0.5...2.11) (-0.39...1.11)
=
= RZaqj -0.076 0.244 0.234 -0.090 0.087 0.017
RMSE 0.1296 0.0589 0.1052 0.0937 0.1278 0.0982
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Sample Size Power Analysis
A power analysis to determine the number of participants required to find statistically significant results

was done using the data of the pilot study. The needed sample size to find a significant effect due to
vibration (white: WH, pink: PK, and brown: BR) between STIM vs. BLuat, To VS. BLmat, and To vs. STIM was
performed for each group (old and young), COP direction (AP, ML, and Spatial), and measure (RMS or
95% Ellipse, SampEn, and DFA a). The selected sample size was the one that yielded an 80% power. For
the placebo (PB) vibration, the needed sample size to not find statistical significance was determined,
still using an 80% power. Table 17 to Table 19 summarize the needed sample size for each case. There
were instances where either it was not possible to find the needed sample size or the sample size was

larger than 100, and these instances were marked as #N/A.

Table 17: Needed Sample Size for Power = 80%

Between STIM and BLat
AP ML Spatial
Old | Young | Old | Young | Old | Young
° WH 80 50 | #N/A | #N/A | 26 14
§ g | PK 4 5 #N/A | #N/A | 33 16
2 T | BR 14 20 | #N/A | #N/A | 24 42
= PB 30 | #N/A | 15 12 | #N/A | 16
= | WH |#N/A| 12 9 3 10
u§_ Z PK | #N/A | 12 44 4 80 4
§ & | BR |#N/A| 23 6 9 57 15
£l #N/A | #N/A 5 9 5 14
— | WH 9 4 4 #N/A 5 #N/A
E < | PK 12 9 30 37 25 11
G @ | BR |#N/A| #N/A | 11 | #N/A | #N/A 9
< e 19 25 44 22 61 8
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Table 18: Needed Sample Size for Power = 80%
Between To and Bl

AP ML Spatial
Old | Young | Old | Young | Old | Young
© WH | #N/A | 40 40 15 35 8
§ g PK 3 8 #N/A | #N/A 22 4
2 = BR 4 19 60 | #N/A 8 19
= PB | #N/A | #N/A | 23 43 3 48
= | WH | #N/A | #N/A 8 #N/A | #N/A | 40
u§_ E PK 16 34 | #N/A | 61 | #N/A | #N/A
§ N | BR | #N/A | #N/A | #N/A 8 #N/A 7
£ 20 92 16 5 #N/A 3
= | WH 3 #N/A 4 70 22 20
: ﬂ PK 14 11 80 | #N/A | #N/A 7
a ﬁ BR 17 19 | #N/A| 24 | #N/A | 2

PB 26 80 80 52 #N/A | #N/A

Table 19: Needed Sample Size for Power = 80%
Between Tp and STIM

AP ML Spatial

Old | Young | Old | Young | Old | Young

© WH 80 | #N/A | 29 | #N/A | #N/A | #N/A

§ g_ PK | #N/A | 60 43 | #N/A | #N/A | #N/A
2 = BR 36 | #N/A | 92 10 3 20
= PB 9 #N/A | #N/A 4 16 10
= | WH |#N/A| 40 18 6 17 13
u§_ E PK 70 | #N/A | #N/A| 13 | #N/A | 16
Eu N | BR | #N/A 5 27 5 42 4
I 60 7 3 22 6 15
— | WH | #N/A| 83 43 7 20 33

g < | PK | #N/A| 19 16 | #N/A | 70 46
S8 | BR | #N/A 7 #N/A | 33 | #N/A | 17
< PB 62 38 17 30 4 4

Table 17 to Table 19 show a wide variety of sample sizes for a future study that wishes to expand the
preliminary results found in this pilot study. However, to come up with a more practical sample size,
Table 20 shows the median sample size across various variables of Table 17 to Table 19. When looking at

Table 20, it is possible to see that an achievable and justifiable sample size for a future study is between
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15 and 20 participants, which agrees with sample sizes used in similar SR studies [10]-[12], [14], [16]-

[23], [26], [27], [47]-[49].

Table 20: Summary of Needed Sample Size

STIM | To To | RMSor
vs. vs. vs. 95% SampEn DFA® | \whu | pk | BR | PB
Bluse | Blwee | STIM | Ellipse | (M=% R=0-1) | (0.55-15s)
oid 17 17 27 24 17 19 18 | 28 | 21 | 17
Young | 12 19 15 16 11 20 15 | 12 | 15 | 16
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