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ABSTRACT

Balance rehabilitation exercises are designed to recover, retrain, or develop new
sensorimotor strategies to facilitate functional mobility, decrease dizziness, and re-
establish effective coordination. During typical clinical balance rehabilitation programs, a
physical therapist demonstrates an exercise, provides physical guidance and verbal
feedback regarding the patient’s performance, and assesses short-term and long-term
changes in the patient’s capabilities. Sensory augmentation, a type of biofeedback, is a
technique for supplementing or reinforcing native sensory inputs. In the context of
balance-related applications, it provides users with additional information about body
motion, usually with respect to the gravito-inertial environment. Multiple studies have
demonstrated that biofeedback, regardless of the feedback modality (i.e., vibrotactile,
electrotactile, auditory), decreases body sway during real-time use within a laboratory
setting. However, in their current laboratory-based form, existing vibrotactile
biofeedback devices are not appropriate for use in clinical and/or home-based
rehabilitation settings due to the expense, size, and operating complexity of the
instrumentation required.

This dissertation describes the design, development, and preliminary assessment of

two technologies that support clinical and home-based balance rehabilitation training.
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The first system provides vibrotactile-based instructional motion cues to a trainee based
on the measured difference between the expert’s and trainee’s motions. The design of the
vibrotactile display is supported by a study that characterizes the non-volitional postural
responses to vibrotactile stimulation applied to the skin over the torso. This study shows
that vibration applied individually by tactors over the internal oblique and erector spinae
muscles induces a postural shift of the order of one degree oriented in the direction of the
stimulation, while simultaneous activation of all tactors and activation of those over
external oblique muscles do not produce significant postural effects. The directional
aspect of vibration-induced postural shifts suggests that cutaneous information from the
stimulated areas contributes to proprioception and to the spatial representation of the
upper body. Furthermore, human performance is characterized both experimentally and
theoretically when the expert—trainee error thresholds and nature of the control signal are
varied. The results of these studies suggest that expert—subject cross-correlation values
are maximized and average position errors and time delays are minimized when the
controller uses a 0.5 error threshold and proportional plus derivative feedback control
signal, and that subject performance decreases as motion speed and complexity increase.
The second system provides vibrotactile biofeedback of body motion using a cell
phone. The system is capable of providing real-time vibrotactile cues that inform
corrective trunk tilt responses. When feedback is available, both healthy subjects and
those with vestibular involvement significantly reduce their anterior-posterior or medial-
lateral root-mean-square body sway depending on the direction of feedback, have

significantly smaller elliptical area fits to their sway trajectory, spend a significantly
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greater mean percentage time within the no feedback zone, and show a significantly

greater A/P or M/L mean power frequency.
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CHAPTER 1: Introduction and Background

1.1. Balance and the vestibular system

The central nervous system (CNS) integrates sensory inputs from vestibular,
proprioceptive, and visual sources in order to regulate upright postural control while
walking or standing [1-4]. Among the aforementioned sensory inputs, the vestibular
system, located in the inner ear, plays a crucial role in stabilizing vision and maintaining
posture in space [5-6]. The vestibular system detects translational and rotational
movements of the head and is composed of otolith organs and semicircular canals [5-7].
The saccule and utricle comprise the otolith organs and sense vertical and horizontal
linear accelerations of the head, respectively [6]. The three semicircular canals (the lateral,
anterior, and posterior semicircular canals) detect angular (rotational) acceleration of the
head. The three semicircular canals are positioned approximately in three orthogonal
planes [7]. Signals from the vestibular system are transmitted to the brain through sensory
nerve fibers. When vestibular information degrades or fails to transmit entirely due to a

vestibular dysfunction, one’s ability to maintain balance is compromised [8].



Vestibular dysfunction can result from injury, disease, or aging. Typically, vestibular
dysfunction is categorized as either central or peripheral in origin [9-10]. Abnormalities
within the brain (e.g., cereberovascular disorders, migraines, central positional nystagmus,
and neurodegenerative disorders) can cause central vestibular dysfunction [9-10].
Peripheral vestibular dysfunction can be caused by vestibular neuritis, benign paroxysmal
positional vertigo, Méniere disease, ototoxicity, and abnormalities within the nerves of
the inner ear [9]. Vestibular dysfunction can produce symptoms of dizziness, vertigo, or
some form of balance deficit [9-13].

More than a third of Americans over the age of forty have vestibular dysfunction, with
the number increasing by approximately 16 million each year [14]. Furthermore, at least
two million Americans experience chronic impairment due to dizziness or a balance
disorder, resulting in healthcare costs of over one billion dollars annually [15]. Balance
disorders due to vestibular dysfunction increase the risk of falling, ultimately resulting in
a lower quality of life [12, 16-18]. Although not solely resulting from vestibular deficits,
each year non-fatal and fatal falls lead to medical costs of approximately 19 billion and

200 million dollars, respectively [19].

1.2. Balance rehabilitation

Clinical rehabilitation therapy provides patients with a set of customized, therapist-
supervised exercises. The primary idea of balance rehabilitation therapy is to leverage the
CNS’s ability to reweight unimpaired sensory inputs in the event of sensory loss [20].
The exercises practiced in clinical balance rehabilitation programs are typically designed
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to retain intact sensorimotor abilities and regain dysfunctional sensorimotor abilities, or
to develop new sensorimotor strategies in order to facilitate functional mobility and
restore a sense of balance [17, 21-22]. Therapy programs for balance rehabilitation
usually incorporate sensory and motor enhancements as well as cognitive and
psychological processes; they are proven to be more effective than muscular training
alone for alleviating balance deficits [23-24].

Cawthorne [25] and Cooksey [26] are credited for developing a series of balance
exercises in the 1940s known as the Cawthorne-Cooksey exercises. These exercises were
developed to bolster the vestibular system and minimize dizziness; they are primarily
composed of eye and head movements performed while sitting, standing, or various
dynamic balance tasks [27]. This form of exercise was further developed to enhance
visual stability (stabilizing the visual gaze) with head movements, visual function without
head movements, and interactions between the visual and vestibular systems [28].
Multiple studies have shown that clinical balance rehabilitation exercises help improve
the symptoms of patients with vestibular dysfunction, some patients even completely
recover from their symptoms [29-34]. Patients are instructed to continue performing the
balance exercises at home following the completion of their therapy program.

Due to the costs associated with physical therapy and the limited number of physical
therapists [15, 35], some patients cannot participate in the ideal number of clinical
balance training sessions. In such situation, patients are commonly prescribed home-
based exercises. However, compliance decreases over time due to a lack of feedback
while the exercise is being performed and after the exercise has been performed [36-38].

Furthermore, patients are often unable to recall the proper procedures for the exercises
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[39-40]. This uncertainty often leads to further decreases in the number of repetitions
performed, or even cessation of balance training altogether. Technology that augments
traditional rehabilitation practice in a clinical setting or increases compliance in at-home-
based exercise programs has the potential to provide both instructions for the intended

rehabilitation exercises and real-time or delayed feedback about performance.

1.3. Sensory augmentation for balance-related applications

Sensory augmentation is a technique for supplementing or reinforcing compromised
sensory information and typically consists of three parts: a sensor, a processor, and a
display (typically a stimulator). The sensor measures the desired signal and relays the
information to the processor, which then interprets the signal and activates the stimulator.

Non-invasive or wearable sensory augmentation systems, also known as biofeedback
systems or sensory substitution systems, provide cues that typically require a volitional
response, as opposed to an invasive system that might stimulate nerves directly.

In general, biofeedback seeks to help patients regain their sensorimotor abilities by
providing visual, auditory, or tactile cues in real time. These cues can correspond to body
limb kinematics, kinetics, or neuromuscular activity [41-43]. Biofeedback systems
provide the user with information about an instantaneous error associated with the current
physical task. Users are typically instructed to generate correctional responses based on
the information about the error in their movement [44]. Although the underlying
neurological mechanisms are unclear, Basmajian [45] suggested that new pathways might
be developed in the brain as a result of using biofeedback. It is hypothesized that the
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concurrent use of biofeedback during task performance will promote task learning [42-
43], increase retention [46], and motivate users during the repetitive exercises [47-48],
thereby leading them to enhanced sensorimotor function recovery [43, 49]. Furthermore,
Wolf demonstrated that new sensory memory can be established by repeated biofeedback
training, and thus help patients perform functional tasks, even without feedback [49].

In the context of balance-related applications, laboratory-based biofeedback systems
have been shown to improve balance in a number of different populations, including
healthy younger and older adults [50-52], individuals with vestibular loss [53-58], and
individuals with stroke [59]. The most commonly used biofeedback modality and control
signal for balance-related applications is visual biofeedback of the body’s center of
pressure (COP); forward and backward motion of the COP is continuously displayed as
upward and downward motion of a virtual object (e.g., a cursor), and left and right COP
motion is displayed as left and right motion of the virtual object. Visual biofeedback
through the use of a virtual object can be accomplished using computer graphics
projected onto monitors or head-mounted displays (HMD) in two dimensional virtual
environments. Furthermore, virtual reality-based biofeedback systems have been shown
to reduce body sway in both healthy subjects and individuals with vestibular deficits [60-
62].

Recently, auditory tones have been used to represent body sway [55, 63-64]. Auditory
biofeedback systems provide information about the body’s center of mass (COM), as
measured by accelerometers worn on a belt around the trunk, by varying the volume and

frequency of the tones delivered to each ear. The use of auditory biofeedback systems has



been shown to reduce body sway in both healthy subjects and in individuals with
vestibular loss while standing with their eyes closed [55, 64].

Compared to visual and auditory biofeedback displays, tactile inputs have several
advantages. Tactile stimulation can be provided in a discreet manner while not interfering
with important visual and auditory exteroceptive information. Human tactile sensation is
achieved through the cutaneous system, which consists of mechanoreceptors embedded
in the skin. Tactile displays used for balance-related applications can be subcategorized
into two forms: electrotactile and vibrotactile.

Electrotactile biofeedback systems pass a small electric current through the skin to
provide cues about head or whole body motion [54, 65-66]. Young healthy subjects
exhibited reduced COP displacements when tongue-based electrotactile biofeedback was
used during standing tasks on foam and firm surfaces [54, 65-66]. Although electrotactile
biofeedback devices have been shown to improve postural stability, such systems can

cause pain and fatigue in the skin and discomfort to the user.

1.4. Vibrotactile biofeedback technology for balance-related applications

Vibrotactile biofeedback technology for balance-related applications was inspired by
aviation-based directional cuing systems developed by the Naval Aerospace Medical
Research Laboratory. The Tactile Situation Awareness System (TSAS) [67-69] provides
pilots with information about their aircraft’s altitude and orientation through a
vibrotactile display embedded in their flight suit [67-69]. The early balance-related
vibrotactile biofeedback systems were developed to provide real-time information to
patients with vestibular deficits about their body’s motion in space. Subjects were
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instructed to use the information provided by the vibrotactile display to generate postural
corrections [70-72]. Subsequent laboratory-based studies have assessed the efficacy of
vibrotactile biofeedback systems to improve balance performance during quiet [57-58,
73-75] and perturbed [56, 76-78] stance. Due to their increasingly successful results
during quiet and perturbed stance, vibrotactile biofeedback displays have been further
employed for use during locomotor activities [51, 79-82]. During gait-related tasks,
vibrotactile biofeedback has been shown to reduce trunk sway, COM displacement,
and/or medial-lateral (M/L) step width in young healthy subjects [51], older adult
subjects [81-82], and subjects with vestibular loss [79-80]. However, Verhoeff et al. [82]
and Wall et al. [81] have found a decrease in gait velocity when vibrotactile biofeedback
was used during walking exercises.

The most common sensing instrument used in biofeedback systems is an inertial
measurement unit (IMU). IMUs eliminate the need for an expensive external apparatus,
such as a mechanical link, camera, or magnetic emitter, which are widely used in
mechanical, optical, and electromagnetic tracking systems. The IMU provides a platform
for real-time motion tracking in unconstrained environments [75, 83-85]. In general, the
IMU is composed of rate gyroscopes, accelerometers, and magnetometers.

Several types of vibrotactile actuators are commercially available, the most common
variations being inertial (a.k.a. inertial shakers), linear, and rotational actuators [86-87].
The Tactaid VBW32 tactor (Audiological Engineering Corporation, USA) is an inertial
transducer, which consists of a rigid case surrounding a mass suspended on a spring [86];
both the mass and the case vibrate when an alternating electromagnetic force is generated.

The C-2 tactor (Engineering Acoustics Inc., USA) is a voice-coil-type linear actuator that
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incorporates a moving contactor lightly preloaded against the skin [86]. When an
electrical signal is applied, the contactor oscillates perpendicular to the skin, while the
surrounding skin area is shielded with a passive housing. Tactaid and C-2 tactors both
generate a vibration in a plane normal to the surface of the skin. The coin-style tactor is a
rotary electromechanical actuator that includes a semi-circular cylindrical weight, which
is mounted onto the motor’s shaft, and varies its rotational speed based on the amount of
DC voltage that is run through it. Unlike the Tactaid VBW32 and C-2 tactor, the coin-
style tactor generates a rotational vibration in a plane parallel to the skin. In the balance-
related application domain, laboratory-based vibrotactile biofeedback systems widely
employ Tactaid and C-2 tactors [52, 56, 58, 70, 75, 88-92]. Recently, however, coin-style
tactors have also become widely used due to their small size, low weight, and low cost
when compared to the both Tactaid VBW32 and C-2 tactors [93-98].

Currently the most preferred vibrotactile display arrangement and location for upright
stance applications is an array of tactors distributed along a belt placed around the torso
[56, 70, 75-76, 99-102]. Previous studies have demonstrated that the torso is moderately
sensitive to vibration, and thus might be a suitable location for providing directional cues.
Cholewiak et al. [103] suggested that tactile localization was most precise when eight
separated tactors are placed equidistantly around the torso. In addition, van Erp [104]
conducted a study regarding the spatial accuracy of vibrations around the torso and found
that the spatial resolution of the torso area is roughly less than 3.0 cm. In most torso-
based vibrotactile biofeedback studies, forward, backward, left and right body sway are

displayed on their respective sides of the torso.



Directional cues through vibrotactile biofeedback devices can be either attractive or
repulsive. When users are instructed to move toward the vibration, the vibration is
considered an attractive cue. Alternatively, when users are instructed to move away from
the vibration, it is termed a repulsive cue. The most common torso-based vibrotactile
biofeedback systems provide directional information about body tilt with repulsive cues.
This paradigm was also used by Wall et al. [70] for the first vibrotactile feedback balance
device. However, the responses of the natural posture to the vibration around the torso
remain unknown. Hence, studies on the effect of vibration on postural responses are
necessary in order to determine whether one cuing strategy has any advantages over the
other.

Vibrotactile biofeedback balance training systems have recently become commercially
available outside the U.S. [105-106]. The BalanceFreedom™ [105] measures angular
deviations and angular velocities of the trunk, as well as provides auditory, vibrotactile,
and visual cues through a headband. The VertiGuard® RT [106] is a vibrotactile
feedback system that measures body sway and provides vibrotactile cues to the trunk
where the intensity and location of the vibration is directly proportional to and indicative

of the magnitude and direction of the body sway.

1.5. Dissertation aims

There are three main goals of this dissertation: 1) to characterize non-volitional human
postural behavioral responses to torso-based vibrotactile stimulation (i.e., in the absence

of instruction); 2) to design, develop, model, and experimentally evaluate a system for
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conveying motion instructions to a trainee based on the error between an expert and
trainee for potential clinical and home-based balance rehabilitation training applications;
and 3) to design, develop, and assess a cell phone based vibrotactile biofeedback system

that could be used for home-based balance rehabilitation applications.

Aim 1: It is known that the vibration of several skeletal muscles can lead to an illusion of
movement by driving proprioceptive afferents or modifying reflex responses. Hence, the
first study seeks to investigate the effects of torso vibrotactile stimulation on standing
posture as a function of the location of stimulus application and the strength of the
vibrotactile stimulation. The primary goal of this study is to determine whether
vibrotactile stimulation induces a directional postural shift in the absence of instructions.

H1,: If torso tactile information contributes to kinesthesia, vibration will induce a

repeatable and measurable directional shift in posture.

H1,: If vibrotactile stimulation induces a postural shift, the amount of postural

shift will be dependent on the strength of the stimulation.

Aim 2: The goal of this study is to design, develop, and initially assess a wearable,
wireless IMU-based expert-trainee motion error detection and vibrotactile instructional
cuing technology, which would enable an expert (i.e., physical therapist) to map his/her
movements to a trainee (i.e., patient). This study will investigate the effects of changing
the expert-trainee error thresholds (0.5°, 1.0°, and 1.5°), and the effects of varying the
nature of the control signal (proportional, proportional plus derivative) during anterior-

posterior (A/P) trunk movements (using pre-specified target trajectories representing
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ideal expert movements and only two actuators) in pilot experiments with young, healthy
subjects. Mathematical modeling will be performed using a simple inverted pendulum to
gain insight into the effects of the control signal on performance. In addition, the effects
of speed and complexity of the expert pattern will be evaluated. Finally the effects of
attractive versus repulsive vibrotactile instructional cues will be evaluated when the
speed and complexity of the expert pattern are varied. The primary outcome measures
include: a cross-correlation value ranging between 0 and 1, with 1 indicating perfectly
matched motion; a time delay, with a positive delay indicating a time lag between the
expert and trainee motion; and average position error.

H2,: Performance for replicating a pre-specified A/P trunk movement will be

improved with the addition of velocity information to the position information

when compared to performance with only position information.

H2,: Performance while replicating a pre-specified A/P trunk movement will

improve if the smallest error threshold is employed.

H23: Increasing motion speed and complexity will lead to decreased performance

for replicating a pre-specified A/P trunk movement.

H24: Attractive instruction will produce better performance than repulsive

instruction.

Aim 3: The goal of this research is to demonstrate proof-of-concept for a cell phone
based balance training system that could eventually be used at home to augment balance
rehabilitation exercises. This study quantitatively assesses the effectiveness of the

proposed system among young healthy subjects and subjects with vestibular involvement.
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The subjects’ performance will be characterized by both time and frequency domain
metrics that include RMS sway, elliptical area fits to their sway trajectory, percentage of
time spent in the dead zone, and mean power frequency.
H3;: The cell phone based vibrotactile feedback system will improve balance
performance during a subset of standing balance rehabilitation exercises among

young healthy subjects and subjects with vestibular involvement.

1.6. Overview of dissertation structure

Chapter 2, Directional postural responses induced by vibrotactile stimulations applied
to the torso, describes the motor and perceptual effects on standing posture of vibrotactile
stimulation when applied to various locations around the torso in the absence of
instructions. The results reveal involuntary compensatory postural shifts in the direction
of vibration when vibrotactile stimulation is applied over the internal oblique and erector
spinae muscles. Postural responses show that tactile information at the level of the iliac
crest contributes to a spatial representation of the upper body and a postural shift toward
the stimulation provides an understanding that is critical to the design of torso-based
vibrotactile displays. These results may have clinical implications, since vibrotactile
stimulation can be used to indicate the direction in which an individual affected by a
balance disorder should move in order to maintain a stable standing posture. To date,
vibrotactile stimulation has been used to indicate the direction of the body’s postural tilt
with instructions to “move away from the vibration,” analogous to an aversion response.
This instruction seems incompatible with the natural tendency (postural shift in the
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direction of the stimulation) revealed here. Thus, the use of vibrotactile biofeedback
should be carefully considered, and instruction of reactive/corrective movements should
be made compatible with the unconstrained response to stimulation in order to properly

facilitate postural adjustments.

Chapter 3, A wearable device for real-time motion error detection and vibrotactile
instructional cuing, describes the design, development, and assessment of a wearable
IMU-based expert-trainee motion error detection and vibrotactile instructional cuing
technology platform. Specifically, this chapter: 1) describes the hardware and software
components of the device, 2) quantitatively assesses the device’s effectiveness in a young
healthy pilot subject population during a simple trunk bend exercise, 3) determines the
optimal control signals and movement error thresholds for vibrotactile instructional cuing,
4) examines the effect of speed and complexity on performance, and 5) evaluates the
effects of attractive versus repulsive vibrotactile instructional cuing. From the results,
subjects performed best when using a 0.5 degree error threshold and a control signal
comprising proportional plus half derivative information. Furthermore, cross-correlation
values are maximized and average position errors are minimized when the movements
are performed slowly and the motion patterns being replicated are simple. Finally, results
show that repulsive cues may be effective when subjects perform motion replication tasks

for short-term applications.

Chapter 4, Modeling and simulation of the Mobile Instrument for Motion Instruction

and Correction (MIMIC), presents a simple model based on the work of Goodworth et al.
13



(2009). Simulations are performed to examine the effects of the controller gains on
performance. The simulation findings are found to be in agreement with the experimental

results reported in Chapter 3.

Chapter 5, Cell phone based balance trainer, describes the technology and reports on
a proof-of-concept study that quantitatively assesses the effectiveness of the cell phone
based balance aid in improving postural stability during a standard balance exercise. Up
until now, commercial and laboratory-based vibrotactile sensory augmentation platforms
have been composed of costly and bulky high fidelity inertial measurement units and
computational processors. This chapter describes the design and development of a cell
phone based system that provides vibrotactile cues to inform postural corrections, and
offers advantages in terms of cost, size, weight, functionality, flexibility, and accessibility.
The long-term goal of this work is to develop an effective system that can be used at
home to assist patients with therapist-assigned balance exercises, or in an environment
where access to balance therapy is limited (e.g., rural regions in the developing world,

where health care access is difficult but cell phone networks are increasingly prevalent).

Chapter 6, Discussion, summarizes the major conclusions, contributions, and

limitations of this research.

Chapter 7, Future work, provides recommendations for additional studies and

technological development to be completed in this field to facilitate the transition of
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vibrotactile instructional and feedback systems from a research/laboratory setting into the

clinic and/or home.
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CHAPTER 2: Directional Postural Responses Induced by Vibrotactile Stimulations
Applied to the Torso

2.1. Abstract

Torso-based vibrotactile feedback has been shown to significantly reduce postural
sway in balance-compromised adults during quiet standing and in response to
perturbations. The purpose of this study was to characterize the non-volitional postural
responses to torso-based vibrotactile stimulation as a function of stimulation location for
two types of vibrating actuators (tactors). Eleven young healthy adults (20 — 29 years old),
naive to the purpose of the experiment, were asked to maintain an upright erect posture
with their eyes closed. Two types of tactors, Tactaid (electromagnetic inertial transducer)
and C-2 (voice-coil-type linear transducer), were placed over the left and right external
oblique, internal oblique, and erector spinae muscles, in a horizontal plane corresponding
approximately to the L4/L5 level. Each tactor of the same type was randomly activated
four times for each torso location at a frequency of 250 Hz for a period of 5 s. Regardless
of the tactor type, vibration applied over the internal oblique and erector spinae muscles

induced a postural shift in the direction of the stimulation. For these four locations, the
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root-mean-square (RMS) of the sway was significantly greater during vibration than
immediately before or after stimulation. Vibration-induced postural shifts and increases
in RMS sway were greater for the C-2 than Tactaid tactors. Simultaneous activation of all
tactors or those over the external oblique muscles did not produce significant directional
postural shifts or increases in sway, regardless of the tactor type. The directional shifts of
posture suggest that these non-volitional responses should be considered to improve the
use of torso-based vibrotactile sensory augmentation display designed for clinical balance

applications.

2.2. Motivation and objective

To date, the most preferred vibrotactile display arrangement and location for upright
stance applications has been an array of vibrating actuators (tactors) distributed along a
belt placed around the torso, co-located with an inertial motion sensing system that
measures body angular and linear accelerations [1-7]. Directional cues may be assigned
to correspond to attractive or repulsive responses. Attractive cues, for which individuals
are instructed to move in the direction of the vibration, have previously been used to
provide turning guidance during walking [8], driving [9], and flying [10] tasks and to
provide pilots with information about the aircraft attitude with respect to gravity [10].
Repulsive cues, for which individuals are instructed to move in the direction opposite to
the vibration, were used by Wall et al. (2001) in the first vibrotactile feedback balance
device based on the notion that such vibrations may provoke an aversion/avoidance

response similar to bumping into an obstacle [5]. Subsequent studies have employed a
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similar scheme. However the postural adjustment is simply considered as a volitional
response to a warning signal, which may not be congruent with possible kinesthetic
information from the stimulated tactile receptors. Although cutaneous stretch receptors
from joint areas (e.g., finger, elbow, knee, ankle) are known to provide kinesthetic
information [11-16] and contribute to spatial coding of joint movements for multi-
articular joints such as the ankle [11], the contribution of these receptors around the torso
to a spatial representation of the upper body and postural control is unknown.

For vibrotactile-based balance-related applications, arrays of commercially available
C-2 tactors are commonly used to provide vibrotactile instructional cues [6, 17-19]. This
tactor type generates a linear displacement of the mobile element in the direction
perpendicular to the surface in contact with the skin. Another frequently used stimulator
called the Tactaid tactor [5, 7, 20-21], is an inertial vibrator with a moving mass (a
magnet) on a spring that vibrates in a plane normal to the surface of the skin. However,
the effects of tactor type on postural responses to vibrotactile torso stimulations are also
unknown. It is hypothesized that if the number of tactile receptors recruited as well as the
resulting tactile afferent flow differ between each type of stimulation, then the strength of
vibration-induced directional postural shifts/posture alterations will differ.

Hence, the present study investigates the motor and perceptual effects on standing
posture of vibrotactile stimulations applied to various locations around the torso in the
absence of instructions. Furthermore, this study investigates the influence of tactor type
on the direction and/or magnitude of postural responses. Based on the hypothesis, a
primary goal of the study was to determine how the cutaneous information is integrated,

or in other words, whether vibrotactile stimulation induces directional
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adjustments/responses away from or toward the stimulation. Postural responses show that
tactile information at the level of the iliac crest contributes to a spatial representation of
the upper body and their direction toward the stimulation provides understanding that is

critical to the design of torso-based vibrotactile displays for clinical applications.

2.3. Methods
2.3.1. Subjects

Two sets of subjects participated in this study. The first group included five young
healthy adults (5 males, 1 females, mean age 25.4+3.5 yrs), and the second group
included six young healthy adults (3 males, 3 females, mean age 20.8+0.9 yrs). Both
subject groups were naive to the purpose of the experiments. Exclusion criteria included
any central neurological dysfunction (e.g., stroke, myelopathy, or vertigo), functionally
significant musculoskeletal dysfunction, neurological disease (e.g., cerebral vascular
accident or Parkinson's disease), use of a walking aid (e.g., cane or crutch), or a body
mass index greater than 30 kg/m”. All subjects were instructed to refrain from taking
medications that may cause drowsiness or dizziness within 48 hours of the experimental
session. In addition, all subjects were asked not to consume alcoholic beverages within
24 hours of the experimental session. Informed consent was obtained from each subject
prior to the start of the experimental procedures. The study, which conformed to the
Helsinki Declaration, was approved by the University of Michigan Institutional Review

Board.
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2.3.2. Instrumentation

The components of the experimental apparatus, comprising a commercial six degrees-
of-freedom inertial measurement unit (IMU; Xsens Technologies, NL), six C-2 or six
Tactaid tactors, and an elastic belt, are illustrated in Figure 2.3.1. The IMU was attached
to the back of the torso at approximately the L3 vertebra level, as shown in Figure
2.3.1(a). The IMU signals, which indicate upper body angular displacements, velocities,
and accelerations in the anterior-posterior (A/P) and medio-lateral (M/L) directions, were
sampled at a rate of 100Hz in the main processor (Figure 2.3.1(b)). Manufacturer
specifications for the IMU indicate a static accuracy better than 0.5° and an angular
resolution of 0.05°. The tactor driving circuit is a hardware interface that generated
sinusoidal signals to drive the tactors (Figure 2.3.1(c)).

The Tactaid and C-2 tactors illustrated in Figure 2.3.2, were used to generate
vibrotactile stimulations. The Tactaid VBW32 tactor (Audiological Engineering
Corporation, USA) is an electromagnetic inertial actuator, weighing 6 grams and
measuring 2.5 cm x 1.9 cm x 1.1 cm. This tactor is composed of a coil, magnet, and flat
spring inside a sealed rigid case [22-24], shown in Figure 2.3.2(a). Thus, the user
experiences the vibration through the rigid case. The C-2 tactor (Engineering Acoustics
Inc., USA) is a voice-coil-type linear actuator that incorporates a moving contactor
lightly preloaded against the skin [22-24]. The C-2 tactor measures 3 cm in diameter by
0.8 cm in depth. The contactor diameter measures 0.8 cm and oscillates perpendicular to
the skin, while the surrounding skin area is shielded with a passive housing. Thus, the

user only feels the vibration through the contactor. The contact areas of the Tactaid and
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C-2 tactors are 3.74 cm’® (square-shaped area) and 6.15 cm?® (circular-shaped area),
respectively. Manufacturer specifications state that the transient response times for the
Tactaid VBW32 and C-2 tactor are 5 ms and 33 ms, respectively. The Tactaid VBW32

tactor costs approximately $80 US while a single C-2 Tactor costs over $200 US.

(a) Sensing system (b) Main processor
4 I )
EEEL
L 1
\ Inertial Measurement Unit (IMU) ) \ C++ based processing software )
(d) Tactor and Locations
(" Internal Erector )
oblique spinae Tactaid
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Figure 2.3.1. Experimental apparatus.
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Figure 2.3.2. Tactor characteristics (a) Tactaid VBW32 tactor, (b) C-2 tactor.

The IMU and the tactors were attached with Velcro to an elastic belt worn around the
torso. Figure 2.3.1(d) shows the location of tactor applications. Six tactors of the same
type (i.e., either Tactaid or C-2) were placed on the skin over the left and right internal
oblique, external oblique, and erector spinae muscles approximately at the level of the
iliac crest, which corresponds to the L4/L5 vertebrae level. It was assumed that all tactors
were equally pressurized by the elastic belt around the torso. Tactors were driven by a
250 Hz sinusoidal signal through a customized control circuit in order to keep the
stimulation within the one-to-one frequency response of fast-adapting cutaneous

receptors [25-26] and avoid the response of muscle spindles [27-28].
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In order to compare the relative vibration amplitudes of the two types of tactors, a
measurement apparatus composed of a Polytec OFV-3001 Laser Doppler Vibrometer
(Plytec Inc., USA), a simulated skin substrate, and an adhesive were constructed. A Laser
Doppler Vibrometer (LDV) is an instrument capable of making non-contact
measurements of surface vibrations based on laser interferometry. Each type of tactor (C-
2 and Tactaid) was placed on the simulated skin substrate with adhesive and the beam of
the laser was focused on the center of the tactors. The voltage, which is proportional to
the instantaneous vibration of tactors, was recorded at a rate of the 250 kHz for an
extended period of time. The resolution of output voltage was selected as 1 mm/s/V.
Measured voltage signals were integrated over extended periods of time in order to

compute the vibrational displacement of each tactor type [29].

2.3.3. Experimental protocol

Subjects were asked to stand on a firm surface with their arms held at their sides and
their feet hip-width apart with a 15° lateral rotation angle. Foam ear plugs and ear muffs
were provided to subjects in order to eliminate environmental noise as well as noise due
to tactor activation.

The experimental trial comprised of consecutive pre-, per-, and post-vibration
measurement periods and either only one or all of the tactors were activated during the
per-vibration period. Only one or all tactors were activated during the vibration period,
henceforth referred to as “single location” and “all locations”, respectively. Two groups
of subjects participated in this study. Both sets of subjects used both types of tactors,
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changing the tactor type after completing the series of trials. The initial tactor type was
randomly assigned to each subject. For the first group of subjects (n=5), the stimulation
included an initial period of 15 s with no vibrotactile stimulation, followed by 5 s of
stimulation by one of the tactors, followed by 15 s with no stimulation. Trial sessions
were repeated four times (i.e., a total of 28 trials). For the second group of subjects (n=6)
the stimulation period was increased from 5 s to 15 s and the number of trial sessions was
reduced from four to two, which corresponded to a total of 14 trials. For both
experimental protocols, subjects were given a 15-second rest period after each trial. Both
sets of subjects were instructed to maintain an upright stance (e.g., behaving as inverted
pendulums) while closing their eyes and keeping their arms at their sides. No information
was provided to subjects regarding tactor types, tactor locations, or the duration of
vibration signals.

Subjects were given a short comparative Likert scale survey (strongly disagree (1),
disagree (2), neither disagree nor agree (3), agree (4), and strongly agree (5)) after
completing all of the trials performed with a given tactor type, in order to assess the
perceived strength of vibrotactile stimulations as a function of location and the perceived
postural changes induced by these vibrations. The survey statements were: Q1) The
duration of each vibrotactile stimulus appeared to be the same, Q2) The vibrotactile
stimulation affected my body sway, Q3) I experienced tilt or movement illusions during
stimulation, and Q4) I continued to feel as though I was being stimulated even after the
tactors were deactivated. Furthermore, we asked each participant the following questions:

Q5) Which tactor (type) had more intensive vibrations during the experiment?
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2.3.4. Data analysis

MATLAB (The Math Works, Natick, MA) was used to process the postural sway
signals captured by the IMU. For data analysis, the “pre-vibration” and “post-vibration”
periods were defined as the 5 s preceding and following the vibrotactile stimulation (per-
vibration period), respectively. Three data analysis metrics were defined to quantify the
postural responses to the vibrotactile stimulation: postural shift vector (indicating
magnitude and direction of postural shift), root-mean-square (RMS), and power spectral
density (PSD).

As illustrated in Figure 2.3.3, a two-step process was used to determine postural
changes in the magnitude and shift direction between the consecutive periods of analysis
(pre-/per- and per-/post-vibration periods). First, 95% confidence interval ellipses were fit
to the 2D postural trajectories for each period, as shown in Figure 2.3.3(a). The center of
each ellipse was used to calculate two-axis postural shift vectors that quantified the
magnitude and direction of postural changes. A pre-vibration postural shift vector was
computed from the origin to the center of the pre-vibration ellipse, indicating pre-existing
postural change (see Figure 2.3.3(b)). A per-vibration postural shift vector was computed
from the center of the pre-vibration ellipse to the center of the per-vibration ellipse,
indicating change in posture when vibrotactile stimulation was activated (see Figure
2.3.3(b)). A post-vibration postural shift vector was computed from the center of the per-
vibration ellipse to the center of the post-vibration ellipse, indicating postural recovery
when vibrotactile stimulation was deactivated (see Figure 2.3.3(b)). Then, the coordinates

of the center of the pre-vibration ellipse were subtracted from the centers of the pre-, per-,
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and post-vibration ellipses in order to shift the origin of the coordinate system to the

center of the pre-vibration ellipse (i.e., (A/P, M/L)=(0,0)), as shown in Figure. 2.3.4.
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Figure 2.3.3. (a) Postural trajectories and elliptical fits (95% confidence interval) as a
function of vibration period on the right internal oblique. Positive values defined as
movement in the anterior and lateral (right) directions, respectively. (b) Calculation of
two-axis postural shift vectors that quantified the magnitude and direction of postural
changes. Light, dark, and intermediate grey lines represent pre-, per-, and post-vibration
periods, respectively.
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Figure 2.3.4. New coordination of two-axis postural shift vectors. Dark, and intermediate
grey lines represent per-, and post-postural shift vectors, respectively.

Root-mean-square (RMS) and power spectral density (PSD) values of M/L and A/P
angular displacements (sway) of the body posture as a function of pre-, per-, and post-
vibration period were separately computed to evaluate the sway amplitude of body
posture.

PSD analysis, which describes the distribution of power content across frequencies
[30], was used to determine the spectral power and dominant frequency of the angular
displacements of the body. PSD functions were computed using a discrete Fourier
transform (DFT) to decompose the angular displacements of the body into sinusoidal
components [30]. The DFT was applied to each 5 s period. The DFT was calculated at 20
frequencies ranging from /= 1/5= 0.2 Hz to f = 20/5 = 4.0 Hz. PSD magnitudes under 1.0
Hz were only considered for data analysis, since PSD magnitudes over 1.0 Hz were

statistically not significant in the presence or absence of vibrotactile stimulation,
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regardless of the tactor type or tactor location. Note that the computed average PSD
magnitude beyond the 1.0 Hz range including the consecutive measurement periods (i.e.,
pre-, per-, and post-vibration periods) for all location conditions was approximately less
than 13 deg’/Hz, which is relatively small compared with the PSD magnitude of 390
deg?/Hz for frequencies less than 1.0 Hz. A/P and M/L PSD magnitudes of the angular
displacements of the body were computed for the pre-, per-, and post-vibration periods.

A three-way analysis of variance (ANOVA) was conducted to determine the main
effects of tactor type (Tactaid and C2), location (six independent locations as well as the
“all locations” condition), and period (pre-, per- and post-vibration) for each dependent
variable (e.g., magnitude, direction, A/P RMS, M/L RMS, A/P PSD, and M/L PSD of
postural sway). Hypotheses for the main effects of activated tactor location and
measurement period as well as their interactions were tested using an F-test. One-way
ANOVAs were also conducted on all dependent variables to further investigate the effects
of vibrotactile stimulation and the activated tactor location. To determine which factors
influenced the main and interaction effects, post-hoc tests (Tukey Honestly Significant
Differences - HSD - for multiple comparisons) were conducted. The level of significance
was set at p<0.05. To assure the assumptions of normality and constant variance of

residual variance, dependent variables were transformed to a logarithmic scale.

2.4. Results

Representative results for a single subject are illustrated in Figure 2.4.1 (vibration

applied to the skin over the left internal oblique muscle). The subject’s posture shift is in
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the direction of the tactile stimulation during the per-vibration period. A post effect,
indicated by a shift in the direction opposite the vibration application direction, is also

observed when the vibrotactile stimulation ceases.
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Figure 2.4.1. (a) Illustrative postural trajectories and 95% confidence interval elliptical
fits for each vibration period when the tactor was placed over the left internal oblique.
Positive values are defined as movement in the anterior and rightward directions,
respectively. Green, red, and blue lines represent pre-, per-, and post-vibration periods,
respectively. (b) Illustrative M/L postural trajectory. Positive values are defined as
movement in the rightward direction. (c) Illustrative A/P postural trajectory. Positive
values are defined as movement in the anterior direction.
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2.4.1. Magnitudes of postural shift vectors

Figure 2.4.2 presents per- and post-vibration postural shift vectors (both normalized to
show posture changes with respect to pre-existing tilt by subtracting the pre-vibration
posture shift vector) as a function of the activated tactor location and the tactor type.

Table 2.4.1 reports the results of statistical analysis. Analysis of the magnitudes of
postural shift vectors (i.e., during the per- and post-vibration periods) showed that the
main effects of tactor type, location, and period, as well as the tactor type X location and
the location X period interactions were significant. Post-hoc analysis showed that the
magnitude of the postural shift vectors during the per-vibration period was significantly
greater than that during the pre- and post-vibration periods for both types of tactors when
vibration was applied over the internal oblique and erector spinae locations, regardless of
the tactor type. For each tactor type, however, the relative magnitudes of the postural shift
vectors during vibration were similar between the aforementioned four locations.
However, changes in postural shift vectors were negligible when vibration was applied
over the external obliques or at all locations, regardless of the tactor type.

Figure 2.4.3 shows the average magnitude of the postural shift vectors during
vibration as a function of tactor location for both types of tactors. The magnitudes of the
postural shift vectors were significantly greater with the C-2 than with Tactaid tactors
when vibration was applied over the internal oblique and erector spinae locations. For
these four locations, the average magnitude of the vibration-induced postural shift was on

the order of 1.2° for C-2 tactors and 0.7° for Tactaid.
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Figure 2.4.2. Average postural shift vectors during per- and post-vibration periods as a

function of tactor location; (a) Tactaid and (b) C2. Black and light grey vectors indicate

the magnitude and direction of vectors during the per- and post-vibration period,
respectively. Dash vectors indicate standard error of the mean.
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Table 2.4.1. Statistical analysis results of magnitude of postural shift vectors for tactor
type (T), location (L), and period (P). *Statistical significance. RIO (Right Internal
Oblique), REO (Right External Oblique), RES (Right Erector Spinae), LES (Left Erector
Spinae), LEO (Left External Oblique), LES (Left Erector Spinae), and ALL (All
locations).

Two-way ANOVA

Effects DF F Value Pr>F
T 1,280 13.68 <0.0001 *
Main L 6, 280 26.17 <0.0001 *
P 1,280 101.32 <0.0001 *
TXL 6, 280 2.63 0.017 *
TXP 1,280 0.98 0.321
Interaction
LXP 6, 280 6.82 <0.0001 *
TXLXP 6, 280 1.59 0.151
One-way ANOVA
Tactor type Location Effects DF F Value Pr>F
RIO P 1,20 12.38 0.002 *
REO P 1,20 1.57 0.224
RES P 1,20 19.71 <0.0001 *
Tactaid LES P 1,20 26.52 <0.0001 *
LEO P 1,20 0.09 0.764
LIO P 1,20 12.99 0.001 *
ALL P 1,20 2.03 0.169
RIO P 1,20 37.93 <0.0001 *
REO P 1,20 0.15 0.707
RES P 1,20 40.91 <0.0001 *
C2 LES P 1,20 61.00 <0.0001 *
LEO P 1,20 1.67 0.211
LIO P 1,20 37.11 <0.0001 *
ALL P 1,20 0.03 0.859
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Figure 2.4.3. Average magnitude of the postural shift vector for the C-2 (®) and Tactaid

(m) tactor during vibration periods as a function of tactor location. Error bars indicate

standard error of the mean (*p < 0.05, **p < 0.01, ***p<0.0001). Bird’s-eyeview
drawings illustrate vibration locations.

Assuming postural corrections were primarily generated by rotation at the ankle joints
(i.e., behavior corresponding to inverted pendulum control), this shift corresponds to a
head displacement of 2.14 cm (Tactaid) and 3.68 cm (C-2) for a 50™ percentile male and

1.99 cm (Tactaid) and 3.41 cm (C-2) for a 50" percentile female [31].
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2.4.2. Directions of postural shift vectors

Analysis of the directional angle of postural shift vectors showed that the main effects
of tactor type, location, and period, as well as the tactor type X location and the location
X period interactions were significant (Table 2.4.2). Analysis of the directional angle of
postural shift vectors during per- and post-vibration periods showed a significant main
effect of the vibrotactile stimulation for right and left internal oblique as well as right and
left erector spinae locations for both types of tactors. When vibration was applied over
the right and left internal oblique locations, subjects exhibited a postural shift in the
forward right and forward left directions, respectively. When vibration was applied over
the erector spinae, the body posture shifted in the backward left and backward right
directions, respectively. Upon cessation of the vibration, the body posture shifted in the
direction opposite to the postural shift observed during vibration. Furthermore, both the
magnitude and direction of the postural shift vectors were not significantly influenced
when vibration was applied to all locations simultaneously or when it was applied over
the external oblique muscles, regardless of the tactor type. These results are illustrated in

Figure 2.4.2.
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Table 2.4.2. Statistical analysis results of angle of postural shift vectors for tactor type (T),
location (L), and period (P). *Statistical significance. RIO (Right Internal Oblique), REO
(Right External Oblique), RES (Right Erector Spinae), LES (Left Erector Spinae), LEO
(Left External Oblique), LES (Left Erector Spinae), and ALL (All locations).

Two-way ANOVA

Effects DF F Value Pr>F
T 1,280 15.14 <0.0001 *
Main L 6, 280 31.12 <0.0001 *
P 1,280 112.02 <0.0001 *
TXL 6, 280 3.24 0.010 *
TXP 1,280 0.74 0.390
Interaction
LXP 6, 280 8.26 <0.0001 *
TXLXP 6, 280 0.76 0.604
One-way ANOVA
Tactor type Location Effects DF F Value Pr>F
RIO P 1,20 7.69 0.012 *
REO P 1,20 2.87 0.106
RES P 1,20 24.33 <0.0001 *
Tactaid LES P 1,20 58.19 <0.0001 *
LEO P 1,20 0.01 0.905
LIO P 1,20 18.69 <0.0001 *
ALL P 1,20 0.92 0.349
RIO P 1,20 517.37 <0.0001 *
REO P 1,20 1.50 0.235
RES P 1,20 217.23 <0.0001 *
C2 LES P 1,20 5.75 0.026 *
LEO P 1,20 0.79 0.383
LIO P 1,20 16.99 0.001 *
ALL P 1,20 0.01 0.956
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2.4.3. Root mean square (RMS)

Average RMS values of the postural sway across the subjects in both M/L and A/P

directions as a function of the tactor location with respect to pre-, per-, post-vibration

period are illustrated in Figure 2.4.4.
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Figure 2.4.4. Average RMS sway as a function of tactor location. Light, dark, and
intermediate grey bars represent pre-, per-, and post-vibration period, respectively. Error

bars indicate standard error of the mean (*p<0.05; **p<0.01;

eyeview drawings illustrate vibration locations.

##%<0.0001). Bird’s-

The ANOVA applied to RMS sway indicated that the main effects of the tactor type,

location, and period as well as the tactor type X location and the location X period

interactions were significant in both the M/L and A/P directions, as shown in Table 2.4.3
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(M/L RMS) and Table 2.4.4 (A/P RMS). Post-hoc analysis showed that the M/L and A/P
RMS sway were significantly greater during the per- and post-vibration periods than
during the pre-vibration period when vibration was applied over the internal oblique and
erector spinae locations, regardless of the tactor type. For each tactor type, however, the
M/L and A/P RMS sway during the per- and post-vibration periods were statistically
equivalent between the aforementioned four locations. Regardless of the tactor type, this
analysis also showed that the M/L and A/P RMS sway values during the pre-vibration
period were not significantly different across the six single locations. Further, the M/L
and A/P RMS sway values during the per-vibration period were similar for the left and
right internal oblique and erector spinae locations for each tactor type. However, changes
in the M/L and A/P RMS sway were negligible when vibration was applied over the
external obliques or at all locations, regardless of the tactor type.

Figure 2.4.5 shows the comparison of the average RMS sway during the per-vibration
period in terms of the tactor type. The C2 tactor M/L RMS sway value was significantly
higher than the Tactaid tactor M/L RMS sway value for the right internal oblique
(F(1,20)=12.26, p=0.002), right erector spinae (F(1,20)=7.09, p=0.015), and left internal
oblique (F(1,20)=6.12, p=0.031) locations. In the case of the A/P RMS sway value,
amplitudes were significantly higher for the C2 than for the Tactaid tactor when vibration
was applied over the right internal oblique (F(1,20)=11.75, p=0.003) and left internal
oblique (F(1,20)=7.24, p=0.01) as well as right erector spinae (£(1,20)=8.55, p=0.008)

and left erector spinae (F(1,20)=23.11, p<0.0001) locations.
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Figure 2.4.5. Average A/P and M/L RMS sway for the C-2 (e) and Tactaid (m) tactor
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Table 2.4.3. Statistical analysis results of the M/L RMS sway for tactor type (T), location
(L), and period (P). *Statistical significance. RIO (Right Internal Oblique), REO (Right
External Oblique), RES (Right Erector Spinae), LES (Left Erector Spinae), LEO (Left
External Oblique), LES (Left Erector Spinae), and ALL (All locations).

Two-way ANOVA

Effects DF F Value Pr>F
T 1, 420 10.87 0.001 *
Main L 6, 420 60.63 <0.0001 *
P 2,420 55.806 <0.0001 *
TXL 6, 420 2.41 0.026 *
TXP 2,420 0.74 0.480
Interaction
LXP 12, 420 4.99 <0.0001 *
TXLXP 12, 420 0.298 0.990
One-way ANOVA
Tactor type Location Effects DF F Value Pr>F
RIO P 2,30 9.78 0.001 *
REO P 2,30 0.56 0.574
RES P 2,30 8.97 0.001 *
Tactaid LES P 2,30 7.68 0.002 *
LEO P 2,30 3.47 0.71
LIO P 2,30 5.55 0.009 *
ALL P 2,30 0.80 0.457
RIO P 2,30 12.25 <0.0001 *
REO P 2,30 0.04 0.963
RES P 2,30 17.02 <0.0001 *
C2 LES P 2,30 8.86 0.001 *
LEO P 2,30 0.44 0.648
LIO P 2,30 10.64 <0.0001 *
ALL P 2,30 0.35 0.706
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Table 2.4.4. Statistical analysis results of the A/P RMS sway for tactor type (T), location
(L), and period (P). *Statistical significance. RIO (Right Internal Oblique), REO (Right
External Oblique), RES (Right Erector Spinae), LES (Left Erector Spinae), LEO (Left
External Oblique), LES (Left Erector Spinae), and ALL (All locations).

Two-way ANOVA

Effects DF F Value Pr>F
T 1, 420 13.49 <0.0001*
Main L 6, 420 51.32 <0.0001*
P 2,420 70.37 <0.0001*
TXL 6, 420 2.59 0.018*
TXP 2,420 0.71 0.492
Interaction
LXP 12, 420 1.91 0.032*
TXLXP 12, 420 0.50 0.913
One-way ANOVA
Tactor type Location Effects DF F Value Pr>F
RIO P 2,30 12.66 <0.0001*
REO P 2,30 1.08 0.35
RES P 2,30 7.99 0.002*
Tactaid LES P 2,30 11.93 <0.0001*
LEO P 2,30 0.19 0.822
LIO P 2,30 6.33 0.005*
ALL P 2,30 1.72 0.196
RIO P 2,30 11.52 <0.0001*
REO P 2,30 0.04 0.965
RES P 2,30 6.30 0.005*
C2 LES P 2,30 15.26 <0.0001*
LEO P 2,30 1.67 0.206
LIO P 2,30 19.56 <0.0001*
ALL P 2,30 0.78 0.466
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2.4.4. Power spectral density

The power spectral density (PSD) in both the M/L and A/P directions was computed in
the 0.0 to 4Hz frequency range for each vibration period. Significant main effects of the
per-vibration period were observed in the frequency range below 1.0 Hz for both tactor
types. Thus the following results correspond to changes in the PSD magnitudes below 1.0
Hz. Average PSD values of the postural sway across the subjects in both M/L and A/P
directions as a function of the tactor location with respect to pre-, per-, post-vibration
period are illustrated in Figure 2.4.6.

The ANOVA applied to PSD indicated that the main effects of the tactor type, location,
and period as well as the tactor type X location and the location X period interactions
were significant in both the M/L and A/P directions, as shown in Table 2.4.5 (M/L PSD)
and 2.4.6 (A/P PSD). Post-hoc analysis showed that the M/L and A/P PSD values were
significantly greater during the per-vibration periods than during the pre- and post-
vibration period when vibration was applied over the internal oblique and erector spinae
locations, regardless of the tactor type. For each tactor type, however, the M/L and A/P
PSD values during the pre- and post-vibration periods were statistically equivalent
between the aforementioned four locations. Further, the M/L and A/P PSD values during
the per-vibration period were similar for the left and right internal oblique and erector
spinae locations for each tactor type. However, changes in the M/L and A/P PSD values
were negligible when vibration was applied over the external obliques or at all locations,

regardless of the tactor type.
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Figure 2.4.6. Average frequency power below 0.5 Hz as a function of tactor. Light, dark,
and intermediate grey bars represent pre-, per-, and post-vibration periods, respectively.
Error bars indicate standard error of the mean. (***p<0.0001). Bird’s-eyeview drawings
illustrate vibration locations. Note that the scale in (c) and (d) is ten times greater than

that in (a) and (b).
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Table 2.4.5. Statistical analysis results of the M/L PSD for tactor type (T), location (L),
and period (P). *Statistical significance. RIO (Right Internal Oblique), REO (Right
External Oblique), RES (Right Erector Spinae), LES (Left Erector Spinae), LEO (Left
External Oblique), LES (Left Erector Spinae), and ALL (All locations).

Two-way ANOVA

Effects DF F Value Pr>F
T 1,420 5.47 0.2 *
Main L 6, 420 78.54 <0.0001 *
P 2,420 139.86 <0.0001 *
TxL 6, 420 245 0.24 *
TxP 2,420 1.09 0.062
Interaction
LxP 12, 420 23.77 <0.0001 *
TxLxP 12, 420 0.61 0.812
One-way ANOVA
Tactor type Location Effects DF F Value Pr>F
RIO P 2,30 26.42 <0.0001 *
REO P 2,30 1.25 0.299
RES P 2,30 71.88 <0.0001 *
Tactaid LES P 2,30 25.20 <0.0001 *
LEO P 2,30 2.38 0.11
LIO P 2,30 35.73 <0.0001 *
ALL P 2,30 0.97 0.389
RIO P 2,30 57.05 <0.0001 *
REO P 2,30 2.68 0.084
RES P 2,30 28.52 <0.0001 *
C2 LES P 2,30 37.51 <0.0001 *
LEO P 2,30 1.80 0.182
LIO P 2,30 91.62 <0.0001 *
ALL P 2,30 1.09 0.346
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Table 2.4.6. Statistical analysis results of the A/P PSD for tactor type (T), location (L),
and period (P). *Statistical significance. RIO (Right Internal Oblique), REO (Right
External Oblique), RES (Right Erector Spinae), LES (Left Erector Spinae), LEO (Left
External Oblique), LES (Left Erector Spinae), and ALL (All locations).

Two-way ANOVA

Effects DF F Value Pr>F
T 1,420 7.23 0.015 *
Main L 6, 420 52.37 <0.0001 *
P 2,420 112.04 <0.0001 *
TxL 6, 420 2.29 0.34 *
TxP 2,420 2.46 0.085
Interaction
LxP 12, 420 11.63 <0.0001 *
TxLxP 12, 420 0.85 0.599
One-way ANOVA
Tactor type Location Effects DF F Value Pr>F
RIO P 2,30 11.69 <0.0001 *
REO P 2,30 0.15 0.855
RES P 2,30 4.72 0.017 *
Tactaid LES P 2,30 24.35 <0.0001 *
LEO P 2,30 0.02 0.984
LIO P 2,30 12.07 <0.0001 *
ALL P 2,30 0.51 0.604
RIO P 2,30 56.15 <0.0001 *
REO P 2,30 1.52 0.235
RES P 2,30 26.92 <0.0001 *
C2 LES P 2,30 41.65 <0.0001 *
LEO P 2,30 2.90 0.085
LIO P 2,30 43.67 <0.0001 *
ALL P 2,30 0.90 0.416
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Comparisons of the average PSD magnitudes during the per-vibration periods for each
tactor type as a function of tactor location are illustrated in Figure 2.4.7. The A/P and M/L
PSD magnitudes were significantly greater with the C-2 than the Tactaid tactors when

vibration was applied over the internal oblique and erector spinae locations.
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Figure 2.4.7. Average M/L (a) and A/P (b) PSD magnitude (less than 0.6Hz) for the C-2
(O) and Tactaid ([ ]) tactors during vibration periods as a function of tactor location. Error
bars indicate standard error of the mean. ***p<0.0001. Bird’s-eyeview drawings
illustrate vibration locations. Note that the scale in (b) is ten times greater than that in (a).
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2.4.5. Subjective perception

According to the post-test Likert questionnaire, the majority of subjects agreed that the
duration of each vibrotactile stimulus appeared to be the same as a function of tactor
location (Q1 — avg. 4.3 / 5). However, most subjects perceived neither vibration-induced
postural changes (Q2 —avg. 2.7 /5 and Q3 — avg. 1.9 / 5) nor corresponding post effects
(Q4 —avg. 2.0/ 5). Furthermore, nine of eleven subjects indicated that vibration intensity
was higher for the C-2 than the Tactaid tactors; one subject reported the opposite and one

subject did not perceive a difference of vibration intensity.

2.5. Discussion

The results show that vibrations applied to the skin over the internal oblique and
erector spinae muscles induce postural shifts in the direction of the vibration location; the
average vibration-induced postural shift is 1.2°. This directional effect is not observed for
vibrations applied over the external oblique locations or applied simultaneously at all
locations around the torso.

The contribution of cutaneous afferents of the torso to an internal representation of the
upper body and orientation was found. Previous results have shown that cutaneous
receptors located in the skin around the finger [13, 16, 32], elbow [13, 33], ankle [11-12]
and knee [13, 34] joints provide exteroceptive and proprioceptive information. Similar to
muscle spindles, cutaneous receptors encode movement kinematics [14-15, 35] and show
directional sensitivity [11, 14, 36]. The present results show that vibrotactile stimulation

induces oriented compensatory postural shifts similar to those produced by muscle
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vibration [37-43]. Indeed, for stimulations applied to the skin over the internal oblique
and erector spinae locations, the observed direction of the shift was congruent with a
postural response to skin stretch concomitant to muscle lengthening, as is the case when
vibrations stimulate muscle spindles [27, 37, 41-44]. However, vibration applied to the
skin over the external oblique locations did not induce a significant shift, as will be
discussed below.

The directional involuntary compensatory response indicates that in the absence of
vision, the CNS relies on proprioceptive information from peripheral sensory receptors
(see for example Lackner et al. [45]; Massion [46]) during upright stance. In the present
context it should be considered that the frequency response of muscle proprioceptive
receptors is typically limited to approximately 120 Hz [27, 47-48], but may be up to 220
Hz for the most sensitive receptors [27]. However, the frequency response of cutaneous
receptors can be as high as 280 Hz [25]. Therefore, it is postulated that the 260 Hz
vibration was largely ineffective in stimulating the spindle primary endings while
activating cutaneous receptors. Hence, the results suggest that the role of cutaneous
information in postural stabilization and orientation is not negligible in the absence of
vision and that cutaneous receptors in the skin over the torso’s primary mover muscles
supply proprioceptive information. This hypothesis is confirmed by the absence of
postural shift when all locations around the trunk are stimulated simultaneously. This
parallels the results obtained during simultaneous vibration at the same frequency of
antagonist muscle pairs [28, 49-50], which did not produce movement illusions; co-

vibration of the tibialis anterior and soleus muscles [51] and whole trunk vibration [42],
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which did not induce postural effects. In these conditions, homogeneous stimulation of all
receptors contributing to kinesthesia produced a neutral effect.

The present vibrotactile-induced shifts are smaller than movements induced by muscle
vibration activating la afferents [40, 49, 52]. Although postural responses of
proprioceptive or tactile origins are frequency dependent [40], they are also limited by the
frequency response of the each type of receptor, the number of receptors stimulated, and
the weight of each sensory input. Hence, considering that frequency may not be a major
factor when stimulations correspond to the highest limit range for each receptor category,
the difference between vibration-induced postural shifts of cutaneous and muscle
proprioceptive origin are likely to reflect the influence of two factors: one is the
difference in the number of receptors stimulated, the other is the interaction/incongruence
between muscle and cutaneous information, since in the present case only information
from tactile receptors was altered by vibration. Due to the magnitude of stimulation used
in most experiments, it is usually assumed that most proprioceptive receptors are
stimulated by tendon vibration [48]; however in the present case tactile vibration was of
very small amplitude (<100 m) and limited to a small area (i.e., 330 mm? for Tactaid and
180 mm® for C2), Accordingly, the cutaneous vibration-induced afferent flow was
relatively small. Therefore, significant postural shifts in spite of these two limitations
(cutaneous afferent flow and incongruence between the two modalities) support a
significant contribution of cutaneous information to proprioception in the tested areas and
the integration of information from the two sensory modalities, as suggested previously

[46, 53-54].
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The lack of significant effects resulting from the external oblique locations is not
surprising, since postural stability is greater in the M/L direction than the A/P direction
during normal stance [42, 55]. This effect is commonly associated with the mechanical
limitation of bipedal posture, which constrains torso lateral flexion [55-56]. Furthermore,
the hip-width separation of the feet in this study contributes to a high lateral stability.
Hence, a small vibration-induced change in sensory information in the lateral direction
does not necessarily need to be compensated with a postural shift to avoid instability.

The magnitude of both the postural shifts and the RMS sway occurring in response to
an applied vibrational stimulus was significantly larger when the C-2 tactor was
employed in lieu of the Tactaid tactor. This was to be expected, as the C-2 tactor provides
a more powerful stimulus in comparison to the Tactiad tactor. Vedel and Roll [48] and
Ribot-Ciscar et al. [25] have shown that mechanoreceptors are very sensitive to
mechanical vibration with stimulations in the range of 200-500 um peak to peak
displacement. In this study, subjects also reported that the perceived vibration intensity
was greater for the C-2 than the Tactaid tactors. This difference in perception is in
agreement with the difference in postural responses and well correlated with vibration
strength. This finding is in agreement with investigations by Martin et al. [42] who
showed that the strength of vibration-induced proprioceptive activity increases with the
magnitude of the vibration stimulus. Furthermore, Kavounoudias et al. [40] and
Wierzbicka et al. [43] have shown that muscle response increased with stimulation
magnitude. Therefore, it is assumed that, due to the greater strength of the C-2 tactor, a
larger number of tactile receptors are recruited during the mechanical stimulation that

occurs on the skin during the application of a vibrational stimulus, which in turn
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increases the associated compensatory response. It is also possible that the efficiency of
the stimulation is larger for linear tactors, such as the C-2, than for inertial actuators, such
as the Tactaid, as the former may produce a larger deformation of the skin due to the
unique direction of travel of the pulse waves providing the stimulation. Hence, a better
efficiency may be translated by a more secure drive (consistency of response better for
normal stretch than shear stretch) of the cutaneous receptors. As indicated earlier, it is
unlikely that the largest vibration of the C-2 tactors would significantly activate the
primary endings of the muscles located under the skin. Hence, the contribution of these
latter to the response difference between C-2 and Tactaid tactors may be ruled out.

The latency of vibration-induced postural shifts, when vibration was applied over the
right and left internal oblique as well as right and left erector spinae locations, was
observed to be approximately 800 msec after the onset of vibration. The latency of the
postural response is greater than that of a reflex response, which is known to be less than
100 msec [57-58], and thus is not compatible with a reflex response. The time course,
which is defined as the response time needed to reach the average values of vibration-
induced postural shifts (i.e., approximately 1.2° for the C-2 tactor and 0.7° for the Tactaid
tactor), was observed to be approximately 3.3 s for both the C-2 and Tactaid tactors. One
interpretation of this outcome may be that the recruitment of a larger number of tactile
receptors increases response speed. However, the average value of mean power
frequency (less than 0.5 Hz for both M/L and A/P directions) was not significantly
different in the presence or absence of vibrotactile stimulation, regardless of the tactor

type or tactor location. Since the postural sway frequency measured lies within the
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normal range of less than 1.0 Hz [7, 59], vibrotactile stimulation does not appear to
induce disruptive higher frequency behavior.

The qualitative survey results indicate that vibration-induced postural shifts and
corresponding post effects were not consciously perceived by the large majority of
subjects (9 of 11 subjects) as is the case when vibrations are applied to muscle tendons or
body segments [42]. This dissociation between perceptual and motor effects may result
from the relatively small shift and thus an automatic motor response that does not require
a cognitive intervention, as is commonly the case in postural regulation, since the
displacement is not sufficient to compromise stability. Alternatively, attention may have
been diverted by the stimulus, which was perceived, and thus the small postural change
was missed at the conscious level.

To conclude, the results strongly support the use of cutaneous information from
receptors located over the torso’s primary mover muscles to facilitate posture regulation
and thus an internal representation of the upper body or “postural body scheme”, which
has been attributed primarily to muscle proprioception [28, 44, 46]. The compensatory
motor response associated with vibrotactile stimulation of these receptors corresponds to
an attraction in the direction of the stimulated area, which indicates that proprioceptive
information from cutaneous receptors in this area obeys the vector rule observed for other
locations [11]. The C-2 tactor generated larger postural shifts compared with the Tactaid
tactor. Therefore, study findings suggest that tactor type and application location should
be carefully considered. Moreover, the instructions concerning reactive and/or corrective
movements should be compatible with the non-volitional response to the vibrotactile

stimulation in order to facilitate postural adjustments. These results may have clinical
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implications, since vibrotactile stimulation can be used to indicate the direction in which
an individual affected by a vestibular disorder should move in order to maintain a stable
standing posture. To date, vibrotactile stimulation has been used to indicate the direction
of postural tilt of the body, with accompanying instructions to “move away from the
vibration” in analogy to an aversion response [5-7, 11, 21, 60]. This instruction seems to
be poorly compatible with the natural tendency revealed here. Thus, the use of
vibrotactile biofeedback should be carefully considered and instruction of
reactive/corrective movements should be made compatible with the unconstrained
response to stimulation in order to facilitate postural adjustments. It is presumed that
optimizing this compatibility may result in reduced reaction time (response delay) for

tactile cues and thus better stability of body posture.
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CHAPTER 3: A Wearable Device for Real-Time Motion Error Detection and
Vibrotactile Instructional Cuing

3.1. Abstract

A Mobile Instrument for Motion Instruction and Correction (MIMIC) system has been
developed to enable an expert (i.e., physical therapist) to map their movements onto a
trainee (i.e., patient) in a hands-free fashion. MIMIC comprises an Expert Module (EM)
and a Trainee Module (TM). Both the EM and TM are composed of six-degree-of-
freedom inertial measurement units, microcontrollers, and batteries. The TM is equipped
with an array of actuators to generate vibrotactile instructional cues. The expert wears the
EM, and his/her relevant body position is computed by an algorithm based on an
extended Kalman filter that provides asymptotic state estimation. The captured expert
body motion information is transmitted wirelessly to the TM, which displays directional
instructions via vibrotactile stimulation to the skin, based on the computed difference
between the expert and trainee motions. Three proof-of-concept studies involving young
healthy adults were conducted using a simplified version of the MIMIC system

(employing pre-specified target trajectories representing ideal expert movements and
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only two TM actuators) during anterior—posterior trunk movements. For the first two
studies, each subject was instructed to move in the direction of the vibration sensation
until the vibration was eliminated. The first study was designed to investigate the effects
of changing the expert-trainee error thresholds (0.5°, 1.0°, and 1.5°) and varying the
nature of the control signal (proportional, proportional plus derivative). Expert-subject
cross-correlation values were maximized (0.99) and average position errors (0.33°) and
time delays (0.2 s) were minimized when the controller used a 0.5° error threshold and
proportional plus derivative feedback control signal. The second study used the best
performing activation threshold and control signal determined from the first study to
investigate subject performance when the motion task complexity and speed were varied.
Subject performance decreased as motion speed and complexity increased. The third
study was designed to investigate the effects of attractive versus repulsive vibrotactile
instructional cues as a function of motion speed and task complexity. Thus, each subject
completed two trial sets consisting of two distinct cues (attractive and repulsive) during
two days of testing. Preliminary results suggest that repulsive vibrotactile instructional
cues provide the greatest correlation, cause the least time delay, and the lead to the least

position error between expert and subject motion.

3.2. Motivation and objective

Physical rehabilitation has been shown to improve sensory integration, motor
coordination, and strength in patient populations with balance or vestibular disorders,

stroke, and traumatic brain injuries [1-4]. During conventional rehabilitation and training,
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physical therapists communicate proper execution of an exercise to patients through a
combination of verbal instruction, demonstration, and/or physical guidance. Instruction
and demonstration are provided prior to and/or during the execution of the rehabilitation
exercise and are typically used in combination with extrinsic (or augmented) feedback [5].
The impact of feedback on motor learning varies as a function of the frequency, delay,
and precision with which information is provided [6]. Physical guidance involves the
manual manipulation of a patient’s body or body segment(s) in order to facilitate the
completion of a task that a patient may not otherwise be able to perform on his/her own
[7]. While physical guidance improves the patient’s ability to accurately replicate the
desired trajectory or movement, it does so at the expense of providing a patient with the
ability to detect and correct errors [7], a critical aspect of motor learning [8-9].
Technologies that augment traditional rehabilitation practices in the clinical setting or
increase compliance in at-home based exercise programs have the potential to provide
both instructions regarding the intended movements and real-time or delayed feedback.
Lieberman and Breazeal developed a real-time wearable vibrotactile feedback suit to
facilitate upper limb human motor learning [10]. Subjects were asked to replicate upper
limb motion presented via pre-recorded video while receiving vibrotactile feedback based
on passive motion tracking measurements whenever an error between the target motion
and the subject’s motion occurred. The feedback control signal used in this study was
solely based on errors of joint angles. Vibrotactile feedback contributed to a decrease in
motion errors and an accelerated motor task-learning rate compared to pre-recorded
video-based instructional cues when the arm motion was produced using a hinge joint.

Rotational joint motions were not improved with any statistical significance. The authors
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noted that video or optical-based motion tracking of the human body is not feasible for
use outside of a laboratory environment due to the expense and size of the equipment.

Several other recent studies have developed and assessed kinesthetic motion guidance
systems for upper limb motion guidance that use a control signal proportional to the
position error between the target and subject [11-13]. Both the Sergi et al. (2008) and
Kapur et al. (2010) kinesthetic guidance systems employ magnetic motion tracking
technologies. Recent advances in micro-electro-mechanical system technology such as
the miniaturization of inertial measurement units (IMUs) have provided a platform for
real-time motion tracking in unconstrained environments [14-17]. Van der Linden et al.
(2009) leveraged this portable and low-cost technology for their upper limb motion study
focused on teaching violin bowing techniques [13].

The majority of kinesthetic-based motion guidance techniques explored to date have
provided a control signal proportional to the position error between the target and the
subject, which may or may not be varied in terms of magnitude or frequency based on the
magnitude of the error. However, based on the known time delay associated with
perceiving, processing, and responding to vibrotactile cues, hypothesize is that
performance might be further improved if the rate of change of position or other
predictive information were used to generate the feedback control signal. In a recent
study performed by Wall and Kentala [18], several control signals were used to activate
vibrotactile trunk feedback during computerized dynamic posturography in a subject
population with vestibular loss. Specifically, they evaluated the following control signals:
proportional to the measured tilt angle (P), proportional to the rate of change of tilt angle

(D), and a combination of the P and D signals (PD). Their findings demonstrated that all
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evaluated control signals reduced trunk tilt, but that the PD control signal produced
significantly smaller trunk tilt values compared to either P or D feedback.

Attractive cues, during which individuals are instructed to move in the direction of the
sensed vibration, have previously been used to provide turning guidance during walking
[19], driving [20], and flying [21] tasks and to provide pilots with information about the
attitude of an aircraft with respect to gravity [21]. Repulsive cues, for which individuals
are instructed to move in the direction opposite the sensed vibration, have been used by
Wall et al. in the first vibrotactile feedback balance device. This system functioned based
on the notion that such repulsive vibrations may provoke a similar aversional response of
the kind that occurs when people bump into a wall [22]. Although individuals can use
either attractive or repulsive cuing to make volitional movements, it is possible that one
of the two cues may result in superior performance or may better leverage non-volitional
responses during certain tasks. For example, it has been shown that stimulation of muscle
proprioception by vibration may lead to non-volitional balance-correcting responses,
generate illusions of movement, and modify reflex responses [23-25]. Chapter 2
demonstrated that random, vibrotactile stimulation in the absence of instructions (i.e.,
subjects were not told how to respond to the sensed vibrotactile cues) over the internal
obliques and erector spinaec muscle groups resulted in small postural deviations on the
order of 1.0° in the direction of the vibration stimulation. Therefore, it is possible that
repulsive cuing is actually acting in opposition to natural impulses, and hence vibrotactile
feedback may, in some circumstances, work better by supporting reflexive responses

rather than forcing the brain to think about opposing them.
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This chapter presents the design, development, and initial assessment of a wearable,
wireless, IMU-based expert-trainee motion error detection and vibrotactile instructional
cuing technology called MIMIC (Mobile Instrument for Motion Instruction and
Correction). This technology enables an expert to map his/her movements to a trainee in
hands-free fashion using IMUs, microcontrollers, and vibrating actuators. The goal of this
technology is to provide vibrotactile instructional cues to a trainee based on the motion of
an expert. In what follows, this chapter will 1) describe the MIMIC’s hardware and
software components, 2) quantitatively assess a simplified version of the MIMIC’s
effectiveness in a young healthy pilot subject population during simple trunk bend
exercises, 3) determine the best control signal and movement error threshold for slow
trunk-based vibrotactile instructional cuing, and 4) determine whether or not young
healthy subjects exhibit a difference in performance as quantified by the expert-subject
cross-correlation value, time delay, and the average position error when using attractive

versus repulsive vibrotactile cues.

3.3. Methods

3.3.1. MIMIC Design Overview

An overall schematic representation of the MIMIC is given in Figure 3.3.1. The
wearable IMU-based expert-trainee motion error detection and vibrotactile instructional
cuing device is composed of an Expert Module (EM) and Trainee Module (TM) that are
utilized by a physical therapist and patient, respectively. Each module includes a six-

degree-of-freedom inertial measurement unit (IMU), microcontroller unit (MCU),
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Bluetooth module, data-saving module, and battery. The TM additionally has an array of
tactors that provide vibrotactile stimulation to the skin. The expert’s body motions are
sensed by the EM IMU and processed by an extended Kalman filter (EKF) estimation
algorithm embedded in the MCU. The estimated expert motion is transmitted wirelessly
to the TM through Bluetooth communication, and based on the computed difference
between the expert and trainee motion, directional instructions are displayed via
vibrotactile stimulation to the skin. The trainee is instructed to move in the direction of
the vibration until the stimulus ceases. All information related to the body motion of the
expert and trainee and the tactor stimulation history are recorded in the data-saving

module for post-processing and analysis.

Expert Module Trainee Module
IMU IMU
(Sense 6 DOF motion in space) (Sense 6 DOF motion in space)
v v
MCU Bluetooth Bluetooth . MCU .
(Estimate t kt'lt)-» T i« data) [ —— (Receive data) =» (Estimate trunk tilt
stimate trunk ti (Transmit data) Pos(glon eceive data & compare motion)
Velocity

A\ 4

Tactors Controller
; : €= (Control tactor
(Provide stimulus) trol 1
activation)

Figure 3.3.1. MIMIC system configuration.
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3.3.2. Hardware

The hardware architecture is organized in layers to minimize size and enable easy
access for replacement or maintenance. The main layer is equipped with an MCU,
Bluetooth module, and data saving module. Communication between the main layer and
sensor layer is achieved with serial data communication through a wired connection.

The primary purpose of the MCU is to log IMU data, capture raw angular rates and
linear accelerations, estimate body motion using an EKF, generate a control signal for
vibrotactile stimulation, manage data communication, and store data in a text format on a
data-saving module. For embedded application systems, MCUs such as the ATMEL
ATmega 128 provide acceptable computational performance with minimal power
consumption and low cost.

The sensory layer comprises a tri-axial linear accelerometer (Freescale Semiconductor,
Inc., MMA7260Q) and two gyroscopes (InvenSense, Inc., IDG-300). The accelerometers
used in this prototype have a sensitivity range of +4g with a bandwidth of 350 Hz along
each axis. The gyroscopes have a range of £500°/s. IMU data is sampled at 300 Hz.

Two coin-style eccentric mass pager motors (Samsung Electro-Mechanics,
DMIJBRK300), shown in Figure 3.3.2 (c) and subsequently referred to as tactors, were
selected to provide vibrotactile stimulation based on their small size and weight, low cost,
and minimal power consumption. The spin-up time for the selected tactors to reach
maximum rotational vibration is on the order of 90 ms. Each has an operating voltage
range of 2.5-3.5 V at 65 mA, a frequency of 200 Hz at 3.0 V, a weight of 1.2 g, and a

vibration quantity of 0.84 g root-mean-square.
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Figure 3.3.2. Hardware architecture. (a) Hardware layers. (b) Hardware system
components. (¢) Coin-style pager motors and belt. (d) Trainee wearing MIMIC device.

Wireless communication of estimated expert motion data is provided by the Bluetooth
module (Comfile Technology Inc, ACODE 330). This module supports Bluetooth 2.0
with SPP interface and also supports simultaneous operation of multiple devices thereby
enabling an expert to engage with more than one trainee. The Bluetooth protocol provides
sufficient bandwidth to transmit data - approximately 0.23 Mbit per second in symmetric

mode.
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The data-saving module allows the main processor to store numeric data such as raw
or state space representation 3D motion data on an SD memory card for post-processing.

Each module is powered by a rechargeable lithium ion battery with a rating of 900 mAbh.

3.3.3. Software

To maximize the embedded MCU performance, a component-based software
architecture was designed to carefully manage computational resources, prioritizing real-
time motion capture and estimation, data transmission, and saving capabilities. The core
software architecture implemented in the MCU is the same in both the EM and TM. The
only difference between the two modules is the number of data packets communicated
to/from peripheral interfaces; the TM acquires raw linear accelerations and angular
velocities from the trainee IMU as well as estimated tilt data from the EM.

Tilt estimates were computed based on an Euler-angle-based EKF [26] with four state
variables. Two of the state variables (roll and pitch angular positions) were calculated
from the output of the tri-axial accelerometer [27]. The remaining two state variables (roll
and pitch angular velocities) were acquired directly from the gyroscopes. The EKF, based
on a first-order linear state transition model and non-linear measurement model,
estimated tilt at a rate of 100 Hz with accuracy better than 0.25° confirmed by tilt table
testing. The implemented EKF continuously measures tri-axial accelerations in order to
correct for drift error based on the assumption that human trunk acceleration is bounded

and averages to zero over any extended period of time [14]. Note that Appendix B
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provides a detailed description of the software architecture and the EKF algorithm
implemented on the MCU.

For the two control signals chosen for separate evaluation in this study, the difference
in position between the expert and trainee was used to generate the error term for the
proportional (P) control signal, while differences in both position and velocity between
the expert and trainee were used to generate error terms for the proportional plus

derivative (PD) control signal:

Error:(e )+Kd (Oexpert -étrainee ) (331)

expert _e trainee

where 0 represents the estimated tilt angle in degrees and  represents the angular
velocity of tilt in °/ms. The angular velocity was calculated by subtracting sequential tilt
angle estimates and dividing by the 10 ms estimation interval (corresponding to the 100

Hz tilt estimation rate). K;is a constant chosen to be 0.5 ms based on a previous study

[28-29]. Because this control signal incorporated velocity as well as position error terms,
it effectively reduced the tactor activation threshold, theoretically enabling the subjects to
quicken their response. The use of a control signal based solely on velocity error was
eliminated from consideration based on the results of a pilot study in which this signal
produced excessive oscillatory trunk movements in subjects. If the absolute value of the
error signal exceeded the specified expert-trainee error threshold, an “attractive”

vibrotactile cue was provided to the trainee until the error signal dropped below the
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threshold value. Vibrotactile stimulation was not graded according to the magnitude of

the error signal; tactor activation was binary in nature (either on or off).

3.3.4. Subjects

The first study using the MIMIC system employed five young (23.443.3 yrs) healthy
naive subjects (3 male, 2 female). The second study employed eight young (26.5+1.3 yrs)
healthy naive subjects (5 male, 3 female) and the third study involved 12 young
(24.843.7 yrs) healthy naive subjects (8 male, 4 female). The University of Michigan
Institutional Review Boards approved the experimental protocol, which conformed to the
Helsinki Declaration. Informed consent was obtained from each subject prior to the start

of the experiment.

3.3.5. Experimental Protocol

The first study was designed to investigate the effects of changing the vibrotactile
stimulation activation threshold and varying the nature of the control signal. The second
study used the best performing activation threshold and control signal determined from
the first study to investigate subject performance as a function of increasing motion task
complexity and speed. The third study was designed to investigate the effects of attractive
versus repulsive vibrotactile instructional cues while varying motion speed and task
complexity. Subjects participating in these three studies were instrumented with the TM

and instructed to 1) stand with their feet parallel approximately 15 cm apart (as indicated
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by floor markings) and 2) “move either in the direction of the sensed vibration (attractive)
or in the direction opposite the sensed vibration (repulsive) until the vibration stops”.
Standard foam earplugs and earmuffs were provided to eliminate environmental and
tactor noise. One tactor was placed near the navel and another near the spine at
approximately the L4/L5 lumbar level. Prior to data collection, subjects were provided
with acclimatizing tactor stimulation.

In the first study, subjects were asked to replicate a pre-specified anterior-posterior
(A/P) trunk movement, subsequently referred to as “expert motion”, by moving toward
the vibrotactile instructional cues. The expert motion consisted of an anterior 20° trunk
bend followed by a 6 s static hold at 20° and a posterior trunk bend to return to neutral
upright stance (refer to solid line in Figure 3.3.3). The anterior and posterior 20° trunk
bends were performed at a rate of approximately 1.12°/s. Note that each subject was
asked to bend only at the waist in response to the vibrotactile cues while they were
performing the task. In this study, three expert-trainee error thresholds (0.5°, 1.0°, and
1.5°) and two control signals (P and PD) were evaluated. Each subject performed three
repetitions of the six possible control signal and error threshold combinations, totaling
eighteen trials. The presentation of trial type was randomized and no practice trials were
provided. In addition, pre-/post-baseline data were collected to assess any potential

training effects. All experimental trials were performed with eyes closed.
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Figure 3.3.3. Representative sample data from one subject after parameter optimization
was completed. Light grey, grey, and black lines represent the expert motion, subject
motion, and simulation motion, respectively.

In the second study, subjects were presented with the same pre-specified anterior-
posterior (A/P) trunk movement used during the first study, but at three different speeds:
slow (approximately 1.12°/s), medium (approximately 2.0°/s), and fast (approximately
4.0°/s). Subjects were also asked to use the vibrotactile cues to replicate four additional
and more challenging A/P expert trunk motion patterns with variable speeds (Figure
3.3.4), by moving toward the vibrotactile instructional cues. The second study leveraged
the results from the first study and therefore only the best performing control signal (PD)

and error threshold (0.5°) were used. Each subject performed three repetitions for each
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speed of the simple motion and three repetitions of each of the four more challenging
patterns, totaling twenty-one trials. The presentation of both speed and pattern type were

randomized. One practice trial for each speed and pattern was provided.
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Figure 3.3.4. Representative sample data in which the four different patterns were
provided. Solid, dashed, and dotted lines represent the expert motion, subject motion, and

vibration instruction, respectively. Positive and negative values indicate movement in the
anterior and posterior directions, respectively.

In the third study, subjects were divided into two groups. Group 1 (G1) subjects
completed the first day of testing using attractive cues and the second day of testing using

repulsive cues. The second group (G2) completed the testing in the opposite order. All
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subjects participated on both testing days, which were separated by approximately 48
hours. Subjects performed four device-instructed movement patterns (identical to the
ones used in the second study) at three different speeds. Three practice trials for each
speed and pattern were performed prior to the experimental session. In the experimental
session, subjects completed three repetitions for each speed and pattern. Presentation of
trial type was randomized. Note that the best performing control signal (PD) and error

threshold (0.5°) were used based on the results from the first study.

3.3.6. Data Analysis Methodologies

All post-processing was performed using MATLAB (The MathWorks, Natick, MA).
To characterize subjects’ ability to replicate the expert motion, a cross-correlation
analysis of the expert and subject trunk tilt angle was performed. The output of the cross-
correlation analysis was 1) a cross-correlation value ranging between 0 and 1, with 1
indicating perfectly matched motion and 2) a time delay, with a positive delay indicating
a time lag between the trainee and expert motion. Position error was defined as the
average difference between the expert and subject position in degrees. For the purpose of
data analysis, each trial from the first study was split into outbound, static, and inbound
regions (shown in Figure 3.3.3) corresponding to the anterior trunk bend, static hold at
20°, and posterior trunk bend to the neutral upright position, respectively. The composite
movement was defined as the entire sequence of regions. The position error in the

outbound and inbound regions characterizes performance during dynamic motion, while
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the position error in the static region characterizes performance during the static trunk
bend.

Statistical analysis was performed using linear mixed effects models (LMM). One
particularly desirable feature of this analytical methodology is that it takes into account
the likely correlation of repeated measurements performed on the same subject.
Dependent variables were cross-correlation value, time delay, and position error. The
primary focus of the analysis was to estimate the effects of activation threshold and
control signal on the dependent variables while accounting for the correlation of the
observations’ random intercepts associated with subjects and replicated measures.
Hypotheses for the main effects of activation threshold and control signal and their
interactions were tested using an F-test. Post-hoc analysis for each dependent variable
was performed using Sidak’s method. To assure the assumptions of the LMM (in
particular normality and constant variance of residual variance for the time delay and
position error), the dependent variable was expressed on a logarithmic scale. Furthermore,
a two-way analysis of variance was conducted to determine the main effects of cue
instruction (attractive vs. repulsive) and motion condition (speed and pattern) for each
dependent variable. Hypotheses for the main effects and their interactions were tested
using an F-test. Post-hoc analysis for each dependent variable was performed using

Tukey Honestly Significant Differences.
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3.4. Results
3.4.1. System performance

Figure 3.4.1 shows the recorded angular position measurement noise for the A/P and
M/L directions. The data were normally distributed and resembled white Gaussian noise.
The Gaussian curves shown in Figure 3.4.1 (c) and (d), were computed using the curve
fitting toolbox provided by MATLAB (The MathWorks, Natick, MA). The R value
quantifies the goodness of fit and is defined as the square of the correlation between the
sensor data values and the predicted Gaussian values. Note that the MIMIC device was
placed on a vibration isolated optical table for an extended period of time to eliminate the
addition of the measureable table noise.

Figure 3.4.2 shows the performance of the EKF tilt estimation algorithm implemented
in the MIMIC system while the representative subject was performing the motion
replication task with A/P trunk movement. Without the EKF algorithm, the noise of the
angular position accelerometer output computed by Equation B.3 (Appendix) was shown
to be approximately +0.5°, while the employment of the EKF algorithm reduced the noise

to approximately 0.2° in the A/P direction without significant estimation delay.
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Figure 3.4.1. Noise analysis and characteristics of angular positions in A/P and M/L
directions when the MIMIC is resting in the postion corresponding to the axis of
sensitivity of the respective accelerometers and gyroscopes. (a) Noise in A/P direction
without the EKF estimation. (b) Noise in M/L direction without the EKF estimation. (c)
A/P predicted Gaussian curve (solid line) and measured data (point). (d) M/L predicted
Gaussian curve (solid line) and measured data (point). Note that values for R? range from
0 to 1 and indicate the goodness of fit between the predicted Gaussian curve and the noise
distribution.
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Figure 3.4.2. Effect of EKF algorithm on tilt estimation performance: light and dark solid
lines represent the estimated tilt angle of the MIMIC system without or with the EKF
algorithm, respectively.

3.4.2. Effects of activation threshold and control signal

Table 3.4.1 reports the estimates and standard errors for the effects of activation

threshold and control signal conditions used during the first study.
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Table 3.4.1. Statistical analysis results (n=5) for control signal (CS) and activation
threshold (AT). Results for all dependent variables except cross-correlation are expressed
on a logarithmic scale. *In the presence of significant control signal by activation
threshold interaction, estimates of main effects are not interpretable and therefore not

reported.
Dependent .
v::riable Effects Estimate  Std error DF F Value Pr>F
C lati CS -0.02874 0.00464 1,72 38.29 <0.0001
ross-correlation (P vs PD)
AT 0.03184 0.00569 2,72 15.86 <0.0001
(1vs3)
AT 0.01286 0.00569
(2vs3)
Position error Cs 0.6627 0.0434 1,72 233.1 <0.0001
(Outbound) (P vs PD)
AT -0.5300 0.05316 2,72 50.64 <0.0001
(1vs3)
AT -0.2022 0.05316
(2vs3)
Position error CS 0.6516 0.09638 1,72 4571 <0.0001
(Static) (P vs PD)
AT -0.4245 0.118 2,72 7.09 0.0016
(1vs3)
AT -0.0983 0.118
(2vs3)
Position error s 1,70 223.81 <0.0001
(Inbound)
AT 2,70 52.28 <0.0001
- 2,70 4.49 0.0147
CS X AT (%)
Position error CS 0.6906 0.03308 1,72 435.84 <0.0001
(Entire) (P vs PD)
AT -0.5571 0.04051 2,72 95.09 <0.0001
(1vs3)
AT -0.2423 0.04051
(2vs3)
Time del CS 1.1466 0.2426 1,72 22.34 <0.0001
ime delay (P vs PD)
AT -0.7599 0.2971 2,72 3.4 0.0388
(1vs3)
AT -0.2489 0.2971
(2vs3)
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Figure 3.4.3 depicts the average cross-correlation results for the three activation
thresholds and two control signals used during the first study. Analysis of the cross-
correlation of the expert-trainee movement showed significant main effects of the
activation threshold (»<0.0001) and control signal (p<0.0001) conditions. However, the
analysis did not show a significant interaction of the activation threshold X control signal
conditions (p=0.1773). A post-hoc analysis showed that the best cross-correlation values
were achieved with the PD control signal regardless of the activation threshold and with

the smallest activation threshold regardless of the control signal.
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P

0.8

0.6

Average Cross-correlation

0.2

0.980 0.959 0.939 0.990 0.973 0.967
0.5 1.0 1.5 0.5 1.0 1.5
Activation Threshold (deg)

Figure 3.4.3. Average expert-trainee cross-correlation results as a function of activation
threshold and control signal. White and gray bars represent P and PD control signals,
respectively. Error bars represent standard error of the mean.
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Figure 3.4.4 depicts the average expert-trainee position error for the outbound region
(a), static region (b), inbound region (c), and entire movement (d). Analysis of the
position error of the expert-trainee movement showed significant main effects of the
activation threshold condition and control signal condition, respectively, for the outbound
region (p<0.0001 and p<0.0001), static region (p<0.0001 and p=0.0016), inbound region
(»<0.0001 and p<0.0001), and entire movement (»p<0.0001 and p<0.0001). However, the
analysis did not reveal a significant interaction of the activation threshold X control
signal conditions for the outbound region (p=0.2416), static region (p=0.8349), or entire
movement (p=0.3113). Only the inbound region revealed a significant interaction of
activation threshold X control signal conditions (p=0.0147). A post-hoc analysis for the
outbound and static regions and entire movement showed that subjects had smaller
average position errors when using the PD control signal regardless of the activation
threshold and when using the smallest activation threshold regardless of the control signal.
For the inbound region, however, a post-hoc analysis showed that the 0.5° activation
threshold with the PD control signal resulted in the smallest average position error, but
the three post-hoc pair-wise comparisons were not significant.

Figure 3.4.5 represents the average time delay between the expert and subject
movements over the entire movement. Analysis of the time delay of the expert-trainee
movement showed significant main effects of activation threshold (p<0.0001) and control
signal (p=0.03888) conditions, respectively. However, the analysis did not reveal a
significant interaction of the activation threshold X control signal conditions (p=0.9941).

A post-hoc analysis showed that subjects had the shortest time delays with the PD control
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signal regardless of activation threshold and with the smallest activation threshold

regardless of control signal.
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Figure 3.4.4. Average expert-trainee position error results in degrees as a function of
activation threshold and control signal by region. (a) Outbound region. (b) Static region.
(c) Inbound region. (d) Entire movement. White and gray bars represent P and PD control
signals, respectively. Error bars represent standard error of the mean.
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Figure 3.4.5. Average expert-trainee time delay results in seconds as a function of

activation threshold limit and control signal. White and gray bars represent P and PD
control signals, respectively. Error bars represent standard error of the mean.

3.4.3. Effects of speed and pattern

Table 3.4.2 reports the estimates and standard errors for the effects of three speeds and
four patterns used during the follow up study.

Figure 3.4.6 depicts the average expert-trainee cross-correlation value results as a
function of speed (Figure 3.4.6 (a)) and motion pattern (Figure 3.4.6 (b)). Analysis of the
expert-trainee cross-correlation values showed significant main effects on the speed
(»<0.0001) and pattern (p<0.0001) conditions. A post-hoc analysis showed that subjects

had the best cross-correlation values when they replicated the motion with the slowest
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speed (i.e., 1 deg/s) and the simplest pattern (i.e., pattern 1). However, the pair-wise
comparisons of cross-correlation values between patterns 2, 3, and 4 were not significant
for patterns.

Figure 3.4.7 depicts the average expert-trainee position error for the entire movement
as a function of speed (Figure 3.4.7 (a)) and motion pattern (Figure 3.4.7 (b)). Analysis of
the expert-trainee position error showed significant main effects on speed (p<0.0001) and
pattern (p<0.0001) conditions.

A post-hoc analysis showed that subjects had the least amount of position error when
they performed the motion replication for the slowest speed (i.e., 1 deg/s). This analysis
also showed that neither pattern 1 vs. pattern 2 nor pattern 3 vs. pattern 4 were significant
in terms of position error. However, the subjects showed the least amount of position
error when they performed either pattern 1 or 2 compared to pattern 3 and 4.

Figure 3.4.8 depicts the average expert-trainee time delay results as a function of
speed (Figure 3.4.8 (a)) and motion pattern (Figure 3.4.8 (b)). Analysis of the average
expert-trainee time delay showed significant main effects on pattern (p=0.0166)
conditions. A post-hoc analysis showed that subjects had the least amount of time delay
when they replicated the motion with the simplest pattern (i.e., pattern 1). However, the

pair-wise comparisons between patterns 2, 3, and 4 were not significant.
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Table 3.4.2. Statistical analysis results (n=8) for speed (S) and pattern (P). Results for all
dependent variables except cross-correlation are expressed on a logarithmic scale.

Dependent

. Effects Estimate Std error DF F Value Pr>F
variable
. S (1vs3) 0.01214 0.00106 2,46 65.15 <0.0001
Cross-correlation
S (2vs3) 0.0061 0.00106
ope S (1vs3) -0.9461 0.05729 2,46 141.56 <0.0001
Position error
S (2vs3) -0.3128 0.05729
. 1 . 072 2,4 12 .
Time delay S (1vs3) 0.05399 0.07255 46 3 0.0535
S(2vs3) 0.1769 0.07255
. P(1vs4) 0.02066 0.00389 3,69 20.53 <0.0001
Cross-correlation
P(2vs4) 0.00059 0.00389
P(3vs4) -0.0088 0.00389
ops P(l1vs4) -0.272 0.05587 3,69 16.18 <0.0001
Position error
P(2vs4) -0.1521 0.05587
P (3 vs4) 0.08538 0.05587
. P(lvs4 -0.1 071 . .01
Time delay (1vs4) 0.1936 0.07189 3,69 3.65 0.0166
P(2vs4) 0.01347 0.07189
P(3vs4) -0.016 0.07189
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Figure 3.4.6. Average expert-trainee cross-correlation value results as a function of (a)
different speed conditions and (b) different pattern conditions. Error bars represent
standard error of the mean.
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3.4.4. Effects of instructional cues

Figure 3.4.9(a) presents the average position error between expert and subject motion
as a function of speed. Analysis of the expert-subject cross-correlation values (cue:
F(1,60)=6.86, p=0.011; speed: F(2,60)=8.72, p<0.001), position errors (cue:
F(1,60)=33.90, p<0.001; speed: F(2,60)=59.09, p<0.001), and time delays (cue:
F(1,60)=13.49, p=0.001; speed: F(2,60)=7.58, p=0.001) showed significant main effects
of vibrotactile instructional on cue type and speed. Subjects from both groups had the
smallest position errors and time delays and largest cross-correlation values when
repulsive cues were provided. Moreover, as motion speed increased, performance
decreased. The smallest position errors and largest cross-correlation values occurred
when the motion was replicated at the slowest speed. G2 subjects consistently
outperformed G1 subjects during this protocol. Four of the six G1 subjects stated a
preference for repulsive cuing while four of the six G2 subjects stated a preference for
attractive cuing.

Figure 3.4.9 (b) presents the average position error between expert and subject motion
as a function of movement pattern. Analysis of the expert-subject cross-correlation values
(cue: F(1,80)=23.78, p<0.001; pattern: F(3,80)=4.69, p=0.005), position errors (cue:
F(1,80)=47.89, p<0.001; pattern: F(3,80)=16.32, p<0.001), and time delays (cue:
F(1,80)=51.29, p<0.001; pattern: F(3,80)=4.27, p=0.008) showed significant main effects
of vibrotactile instructional on cue type and pattern. Subjects consistently performed best
in terms of minimizing position errors and time delays and maximizing cross-correlation

values when repulsive cues were provided during patterns 1, 2, and 3. No differences in
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performance were observed when subjects performed pattern 4, which was considered to
be the most difficult since it included a short static hold while the other three patterns did

not. G2 subjects outperformed G1 subjects for patterns 1-3.
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Figure 3.4.10 presents the average position error between expert and subject motion as
a function of the number of trials performed. Trial order consisted of three practice trials
followed by three experimental trials for each of the four patterns of the second protocol
while using attractive (Figure 3.4.10(a)) and repulsive (Figure 3.4.10(b)) cuing.
Attractive cuing consistently exhibited a greater initial error as well as a greater decrease
in error over the course of the trials, suggesting that a longer training/practice time is
required for attractive cuing to achieve position error comparable to repulsive cuing.

Table 3.4.3 presents the average position error between expert and subject motion for
the four motion patterns delimited by group, preference, and cue type. The G1 subjects
who stated a preference for repulsive cuing performed significantly better using repulsive

cuing for all patterns.

Table 3.4.3. Average expert-subject position error for the four motion patterns by group
(G), preference (P), and cue type (attractive (A), repulsive (R)). *p < 0.05.

G P Cue Pattern 1 Pattern2 Pattern3 Pattern 4
A A 0.48 0.60 0.78 0.64
. (n=2) R 0.30 051 0.40 0.40
(n=6) R A 0.85 0.86 0.88 1.01
* * * *
(n=4) R 0.44 0.42 0.48 0.50
A A 0.56 0.70 0.92 0.99
*
X (n=4) R 0.40 0.54 0.60 0.75
(n=6) R A 0.67 0.85 0.70 0.84
. % %
(n=2) R 0.18 0.33 0.49 0.34
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3.5. Discussion

The first proof-of-concept study conducted in five healthy young adults demonstrated
that subjects could accurately mimic the simple task of slowly bending at the waist using
attractive vibrotactile instructional cues. The smallest error threshold (0.5°) combined
with a proportional plus derivative (PD) control signal resulted in the greatest correlation
between the expert and trainee motion, the least amount of time delay, and the least
amount of average position error. Subjects showed lower position errors during the static
component of the entire movement than during the dynamic (inbound/outbound)
components.

The PD control signal consistently produced significantly better motion replication in
terms of cross-correlation, time delay, and average position error values compared to the
P control signal for all error thresholds. This finding was not unexpected given that there
is an inherent delay associated with perceiving, processing, and responding to vibrotactile
cues [30]. The inclusion of a rate of change of position term in the control signal
effectively reduces the tactor activation threshold limit so that subjects receive
information regarding their performance earlier than they would with a proportional-
based control signal alone. Based on the average time delay results, the PD control signal
decreased the lag in subject motion replication by 0.15 s, 0.34 s, and 0.47 s, for the 0.5°,
1.0°, and 1.5° error thresholds, respectively. In other words, as the error threshold
increased, the PD control signal increasingly reduced the time lag compared to the P
control signal. It may be possible to achieve equivalent performance using only a P

control signal if the threshold limit were further reduced; however, if the limit is too
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small, motion will no longer be smooth. The choice of 0.5 ms as the constant weighting
factor for the difference between expert and trainee velocity was chosen based on the
study of Wall and Kentala [18]; it may be possible to further improve performance by
manipulating this weighting factor since it was chosen arbitrarily in their study.

The results of the second study in eight healthy young adults showed that the ability to
accurately replicate motion decreased as a function of the motion speed and complexity.
Average position error increased as the required speed of the task increased. The slow
speed from the first study was included as a control for the second study given that
different subjects were involved. The average position error for the slow motion was
smaller for the first study subjects compared to the second study subjects. This is likely
due to the fact that the first group performed 18 practice trials compared to the three
practice trials performed by the second group of subjects.

To date, vibrotactile feedback displays for standing balance [29, 31-32] have used
repulsive cues in which subjects are instructed to move away from the vibration. For the
first two proof-of-concept studies, an attractive cue was used in which subjects were
instructed to move toward the vibration. This decision was based on the results of the
study presented in Chapter 2, which showed that tactors placed over the internal oblique
and erector spinae muscles resulted in small postural shifts on the order of 1.0° in the
direction of the tactor stimulation.

Repulsive vibrotactile instructional cues resulted in the greatest correlation between
expert and subject motion, the least amount of time delay, and the least amount of
average position error when the motion speed and task complexity were varied. Subject

preference for a particular type of cue was dependent on the order of vibrotactile cues
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provided; G1 subjects received attractive cues first, but preferred repulsive, while G2
subjects received repulsive cues first, but preferred attractive. This outcome may indicate
that subjects were more comfortable with the experimental protocol on the second day of
testing. However, subjects’ position errors were minimized with repulsive cues even if
they indicated a preference for attractive cues. All in all, subjects performed best when
using repulsive cues regardless of whether they completed repulsive cuing trials on the
first or second day of testing.

Analysis of learning effects suggests that additional training trials beyond those
conducted herein are required to reach steady-state performance and draw definitive
conclusions as to whether one cuing strategy is better than the other during long-term
MIMIC use. However, for short-term applications such as a physical rehabilitation
sessions during which training time may be limited, this study suggests that repulsive
cues may be preferable. Such cues may be more intuitive because they mimic the light

touch of a therapist guiding the patient toward a desired target position.
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CHAPTER 4: Modeling and Simulation of the Mobile Instrument for Motion
Instruction and Correction (MIMIC)

4.1. Motivation and Objective

Chapter 3 introduced the development of the Mobile Instrument for Motion Instruction
and Correction (MIMIC) system and evaluated the effects of varying the nature of the
control signal (proportional (P), proportional plus derivative (PD)). The previous study
also evaluated the effects of varying the activation error threshold (0.5°, 1.0°, and 1.5°)
while the subjects performed a pre-specified trunk bending tasks in the A/P direction. The
results from these experiments suggest that the smallest activation threshold (0.5°)
combined with a PD control signal results in the lowest average error and highest cross-
correlation values. The control signal for the tactor activation in the previous chapter was
chosen to be P+0.5D based on previous studies [1-2]. However, a different combination
of controller gains might produce even better results.

In a recent study performed by Wall and Kentala, several control signals for a trunk-

based vibrotactile feedback device were compared during computerized dynamic
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posturography in a population of subjects with vestibular loss [2]. Their findings
demonstrated that although all of the evaluated control signals reduced body tilt, the PD
control signal produced a significantly smaller body tilt angle when compared to either
the P or D feedback control signal alone. Goodworth et al. also investigated the influence
of vibrotactile feedback parameters (i.e., P and D gains) on subject performance during
continuous support surface perturbations [1]. Their findings were consistent with the
findings reported by Wall and Kentala. However, Goodworth et al. reported that no single
combination of position and velocity feedback performed significantly better than the
others.

The primary goal of this chapter is to determine whether or not there is a particular
combination of position and velocity gains that would minimize the average position
error and maximize the cross-correlation values for subjects replicating simple motions
using a system such as the MIMIC. Identification of the internal body parameters for the
neural controller and evaluation of the MIMIC controller gains are accomplished through
simulation and optimization. In this study, only the upper body is modeled since subjects
only performed the simple task of slowly bending at the waist using the MIMIC system
(Chapter 3). The internal body parameters for generating both active and passive torques
(exerted by the neural controller) are initially identified by a nonlinear optimization
process, coupled with experimental data obtained from the previous chapter. The effects
of the P and D gains in the MIMIC controller on performance are evaluated by varying
the values of the position and velocity gains. The overall approach and terminology used

herein are adapted from the study performed by Goodworth et al. [1].
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4.2. Modeling

4.2.1. MIMIC System Model

Figure 4.2.1. shows a schematic representation of the MIMIC system. The MIMIC

system model used in this study is based on the “independent channel model” presented

by Goodworth et al. [1], which decomposes complex biomechanical systems involved in

human postural control into vibrotactile biofeedback (i.e., MIMIC system), sensory,

neuromuscular, and body subsystems.

MIMIC system

Sensory and neuromuscular system

Neural processing of

Controller tactile information Neural controller
\ \
Il | [
1Y e Do It-I- &
) 1/s Gactor _’@’ e’
+ Threshold + ‘ Ks

|

Body

trainee

:: Woest <—|
Worop ‘J

Figure 4.2.1. Block diagram of the MIMIC system model in frequency domain.

The subject’s body is represented by a linearized inverted pendulum model, which is
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widely used as a simple control system model of human postural control [1, 3-5]. Since
the MIMIC system’s IMU is only measuring the angular position of the upper body, the
inverted pendulum’s kinematics represents the motion from the human hip joint to the
center-of-mass (COM) of the upper body. Furthermore, the subject’s body movement can

be numerically described by the differential equation of a single-link inverted pendulum:

2

d<e .
J e = mgl sin(g,

LT (4.2.1)

rainee) a

where J is the upper body moment of inertia about the hip joint axis, 7 is the mass of

the upper body, g is the action of gravity on the COM of the upper body, / is the

location of the upper body COM with respect to the hip joint axis, ¢ is the angular

trainee

position of the torso with respect to earth vertical, and 7, is active torque generated from
the hip joint, which produces the upper body rotation. In Equation 4.3.1, a nonlinear term

(ie., sin(6 ) is approximated as @, . based on the comparison of two values

trainee )

(i.e., sin(0 )vs. 0

) at 20° which is the maximum bending angular position

trainee trainee

given in the experiment with the MIMIC system, presented in Chapter 3. The

approximated 0 value at 20° is close to 98% of the sin(@,...) (e,

trainee

sin(20°) = 0.342 rad vs. 200%80020.3497”616[ ). After making the small angle

ainee) = O, uinee ) Without significant loss of accuracy and taking

approximation (sin(6

the Laplace transform, equation 4.2.1 can be expressed as a transfer function relating
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to I :

trainee

0trainee(s) — 1 (422)
T.(s) Js? - mgl

where s is the Laplace transform variable.

According to this model, the input to the inverted pendulum model (representing the
body) is determined from the summation of both active (7, ) and passive (7’ » ) torques
exerted about the hip joint. The active torque is determined by the neural controller and is

generated in proportion to the vibrotactile biofeedback signal (/, ), (with a “stiffness”

proportionality factor, K ) and the time derivative of I, (with a “damping” factor, K ).

This type of controller, commonly used in man-made control systems, is referred to as a
proportional and derivative control (PD) controller [1, 3, 5-6]. Data regarding the angular
motions of the ankles and knees were not collected. It was assumed that the contributions
of the lower body segment movements were minimal. Thus, a corrective (passive) torque
that acts without time delay is defined [6-7]. This passive torque contributes to the input
of the body model and is assumed to contain both a musculoskeletal stiffness component

(K) and damping component (B). The units of these constants, as they are used in Figure

4.3.2, are N'm/deg for K, and K , and N'm's/deg for K, and B, respectively.

124



T, is a time delay that includes sensory transduction, neural processing, transmission,

and muscle activation delays [5-6]. The time delay was selected as 100 ms based on

previous studies [1, 5-6].

The values for both W, and mep were based on an assumption made by

Goodworth et al. that the vestibular and proprioceptive systems provide “wide bandwidth

orientation information” [1]. Thus, no information about body orientation is lost among

vestibular, W

st » and proprioceptive, W inputs and so these gains always sum to 1:

prop >

w +W =1

vest prop
In the MIMIC controller, the differences in both position and velocity between the
expert and trainee were used to generate error terms for the proportional plus derivative

(PD) control signal described in Chapter 3. If the absolute value of the error signal (€)

exceeds the specified expert-trainee error threshold, M, takes on the values of 1 for

out
the anterior direction or -1 for the posterior direction. These values correspond to tactor

activation in the anterior and posterior directions, respectively. The central neural

processing of M, is represented by a mathematical integration of M, and

ut

multiplication by a gain factor, G, . The value for G, is a proportional gain

determined by the length of the time that the tactors are activated. The variable gain for

G

etor Tanges from 0 to 1 and increases by 0.1 every 100 ms the tactors are activated. If

the tactor activation exceeds 1 s, the gain remains at 1. The output (M, ) from the
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feedback loop of the MIMIC system is used to generate trunk motion through the neural
processing of vibrotactile biofeedback, shown in Figure 4.3.2.
Taking the above into account, the overall transfer function for the MIMIC system,

sensory and neuromuscular system, and body is given as:

etrainee (S) — G tactor {Pl S2 +(P2 +P3 )S + P4 }e'TdS
0. pert (5) Js* —Bs® — (mgl + K)s + (P,s* +P,s + P, )e™

4.2.3)

P =K K,..P,=K.K,,.P,=K K, ,P,=K K P.=K K,
Pi=G 0P K g Wiy TWoee)

P,=G o, (P, +P)-K, (W, +W, )

P8 :G tactor P4

4.2.2. Parameter Identification and Simulation Protocol

Internal parameter gains for K,, K,, K , and B | which contribute to generating

both active and passive muscle torques at the hip joint, were found by a nonlinear
optimization process, coupled with experimentally obtained data from Chapter 3. Model
data related to mass (771 ), moment of inertia (J ), and height of the center of mass (/) of
the upper body were obtained from body measurements of each subject who participated

in the preliminary MIMIC evaluation study [8]. The MIMIC controller gains were chosen
to be P+0.5D. Furthermore, experimentally obtained data (i.e., Oexpm and O, ..) were

used for the parameter identification process. Using the aforementioned experimental

data, a constrained nonlinear optimization routine, “fmincon” (Matlab Optimization
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Toolbox, The MathWorks, Natick, MA), was utilized to identify the remaining model
parameters (i.e., K »o K,, K , and B) for each subject. The optimization objective
was to find the optimal gains of each parameter that minimize the mean-squared-error

(MSE) between the subject’s angular position (esubject ) and the model’s angular position

(0,41 ) in terms of the desired angular position (szpert ).

2

0 (4.2.4)

minZ‘

esubject- model

The parameter identification process is an iterative process used to find the parameters’
optimal gain. Thirteen experimental data sets, which showed the slowest A/P trunk
movement (approximately 1.12°/s) with the smallest error threshold (0.5°) combined with
a P+0.5D control signal, were chosen to determine the optimal values for the model
parameters, since the aforementioned conditions resulted in the optimum performance

during the A/P trunk motion replication tasks described in Chapter 3. Note that the
constant MIMIC controller gains ( K »m and K, ) were set to 1.0 and 0.5 ms,

respectively. Figure 4.2.2 shows the representative sample data from the parameter

identification process for one of the subjects.
After determining the optimal values for K ,, K,, K , and B, simulations were
performed using MATLAB Simulink (The MathWorks, Natick, MA) by varying each

K, and K, gain, ranging from 0 to 1 with 0.25 intervals, to find the optimal MIMIC

pm
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controller gains. Note that the simulated expert motion (eexpert) was identical to the

provided expert motion. Both the expert angular position and the angular position

resulting from the model simulations were saved for further data analysis.

AN
/

S
T
|

S
T
|

1
D

Expert motion

Anterior-posterior tilt (deg)

Subject motion
—— Simulation motion

1
(e
T

|

| 1 | 1 | |

0 5 10 15 20 25 30
Time (s)

Figure 4.2.2. Representative sample data from one subject after parameter optimization
was completed. Light grey, grey, and black lines represent the expert motion, subject
motion, and simulation motion, respectively.

4.2.3. Data Analysis Methodologies

All post-processing was performed using MATLAB. Three performance metrics were

used to assess the goodness of fit.
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The first metric is the absolute position error between the experimental measurement
(i.e., subject’s A/P motion) and the simulation output for the parameter identification
study. This metric also evaluates the goodness of fit between the simulation input (i.e.,

expert motion) and the simulation output for the optimal MIMIC controller gain study

with respect to the change of the MIMIC controller gains (i.e., K, and K, ).

pm

The second, normalized mean square error (NMSE) is defined as:

N
Z ‘fml - fm 2
NMSE = =— (4.2.5)

MIfl

i=1

(13 2

where the indices “m” and “s” indicate model data and subject’s data, respectively. In
addition, N represents the length of the measurement vector. Note that the NMSE metric
was only used to evaluate the goodness of fit between the simulation output and the
experimental measurement (i.e., subject’s A/P motion) in the parameter identification
study.

The second metric, the crossover frequency ( 1), is defined as the frequency at which

the magnitude frequency response crosses the 0 dB axis.

These metrics are based on the crossover model introduced by McRuer [9]. The
McRuer model was originally developed to analyze human performance with or without
a controller when a human performs a pursuit tracking task by maneuvering a plant (e.g.,
vehicle or aircraft) [9-12]. The principal idea behind this model is that the human adapts
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his behavior to the plant. Hence, he behaves as a ‘good servo’ in the region of the
crossover frequency. As a result, a small absolute position error, a small NMSE, and a
large crossover frequency indicate good motion replication performance.

A one-way analysis of variance (ANOVA) was conducted to determine the main
effect of the combination of MIMIC controller gains on the dependent variable (i.e., the
average position error between the simulation input (i.e., expert motion) and the
simulation output). Hypotheses for the main effects of the combination of MIMIC
controller gains were tested using an F-test. Post-hoc tests (Tukey Honestly Significant
Differences - HSD - for multiple comparisons) were conducted to determine which
combinations of the MIMIC controller gains have the largest influence on position error.
The level of significance was set at p < 0.05. Note that the dependent variable was
expressed on a logarithmic scale in order to assure the assumptions of normality and

constant variance of residual variance.

4.3. Results
4.3.1. Parameter Identification

Figure 4.3.1 represents the results of the parameter identification process from thirteen
subjects’ experimental data sets collected in the preliminary evaluation study of the

MIMIC system. The average optimal parameters of the model, which are active
proportional gain (K » ), active derivative gain (K,), passive promotional gain (K ),

and passive derivative gain ( B ), were 3.48 N-m/deg, 2.00 N-m-s/deg, 1.44 N-m/deg, and
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-1.29 N'm-s/deg, respectively, as shown in Figure 4.3.1 (a). Simulation outputs with these

optimal model parameters (i.c., K,, K,, K ,and B), resulted in an average NMSE of
0.019% and position error of 0.43° between the subject’s angular position (esubject ) and

the model angular position (0,4, ), respectively, as shown in Figure 4.3.1 (b) and (c).

(a) Average parameter values

4 3.48 N-m/deg
I
1 2.00 N-m-s/deg
D) I 1.44 N'-m/deg
B
0
K, K4 K
1
I
2
-1.29 N'-m-s/deg
(b) Average NMSE (c) Average position error
0.02 4’7 0.6
- 0.4
Q ef T
é 0.01 < i
0.2
0.019 0.29
0 e 0

Figure 4.3.1. Parameter identification results (n=13). (a) Average gains of the each
parameter. (b) average NMSE between model data and subject’s data. (c) average
position error between model data and subject’s data. Error bars represents standard error
of the mean.

Figure 4.3.2 shows the open loop transfer function of the motion replication
simulation based on the determined optimal parameters for the model across thirteen

subjects. In Figure 4.3.2, the average crossover frequency is observed at 0.78 Hz and the
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average crossover frequency range (across all subjects) is 0.43 Hz to 1.87 Hz. Using a
method of least squares, a straight line with a slope constrained to -20 dB/dec was fit to
the magnitude curves from the frequency domain plots on a subject-by-subject basis,
shown as black dash line in Figure 4.3.2 (a). Furthermore, gain and phase margins were
derived from the open-loop transfer function of the model. Average values of gain and
phase margin were 8.07 dB and 33.53°, respectively. Note that either a negative gain
margin or phase margin implies instability, and that a combination of larger positive gain

and phase margins suggests a more robust system in general.
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Figure 4.3.2. Open loop transfer function of the motion replication simulation (n=13). (a)
magnitude frequency response plot. (b) phase frequency response plot. Shaded areas
represent standard deviation of each metric, magnitude and phase, and solid lines indicate
average values of each metric.
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4.3.2. Optimal MIMIC Controller Gains

Figure 4.3.3 shows the representative simulation results in terms of the variation of D
gains. Note that the expert motion is identical to the slowest A/P trunk movement

(approximately 1.12°/s) described in Chapter 3.

(a) P+0.25D (b) P+0.5D
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Figure 4.3.3. Representative simulation results in terms of the variation of D gain. Light
grey and black lines represent the expert motion and simulation motion, respectively. (a)

P+0.25D control signal. (b) P+0.5D control signal. (¢) P+0.75D control signal. (d) P+D
control signal.

Figure 4.3.4 depicts exemplary simulation results of the average expert-simulation
position error for the entire movement with respect to the variation of D gain. Analysis of

the position error of the expert-simulation movement showed a significant main effect of
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the control signal condition (£(23,288)=9.01, p<0.0001). A post-hoc analysis showed that
the smallest average position error (0.39°) was achieved with the use of the P+0.5D
control signal (best control signal group). The 0.75P+1.0D (0.44°) and P+0.25D (0.47°)
control signals (2™ best control signal group) produced the second smallest average
position errors. Furthermore, the third smallest average position error was observed with
the 1.0P (0.53°), 0.75P+0.75D (0.51°), and P+0.75D (0.52°) control signals (3" best
control signal group). Note that significant differences in average position errors

between/across control signals within each group were not observed.
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Figure 4.3.4. Average expert-simulation position error results (n=13) in degrees as a
function of the control signal. Error bars represent standard error of the mean.
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Figure 4.3.5 represents the box plot of crossover frequencies as a function of the top
three control signal groups determined from the average expert-simulation position error

analysis, shown in Figure 4.3.4.
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Figure 4.3.5. Box plot of crossover frequencies as a function of top three control signal
groups across the thirteen subjects.

Frequency ranges of the 1.0P, 0.75P+0.75D, and P+0.75D control signals were
0.25~0.96 Hz with a mean value of 0.52, 0.28~1.75 Hz with a mean value of 0.85, and
0.25~1.42 Hz with a mean value of 0.70, respectively. In the second best performing
group, frequency ranges of the 0.75P+1.0D and P+0.25D control signals were 0.30~2.03
Hz with a mean value of 0.97 and 0.30~2.31 Hz with a mean value of 0.86, respectively.
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Furthermore, the frequency range for the best control signal (i.e., P+0.5D) was 0.36~2.31
Hz with a mean value of 1.06. However, analysis of the crossover frequency of the open
loop transfer function did not show any main effect of control signal (£(5,78)=2.17,

p=0.067) conditions.

4.4. Discussion

This chapter has shown how model-based simulation can be used to determine the

controller gains for K, and K, in the MIMIC system. Independent model

pm
components, which indicate MIMIC, sensory, neuromuscular, and body subsystems, were
adapted based on careful consideration of their contributions during the trunk bend
motion replication task. Based on the results of the parameter identification test, the
simulated angular position was well matched with the subject’s angular position,
producing a 0.02% NMSE and 0.43° position error across the thirteen subjects in Chapter
3. From the simulation results, active and passive torque were approximately less than 20
Nm. These values are consistent with previously reported values from studies involving
human postural responses to support surface translations and during the performance of
voluntary forward bending tasks [13-14]. Based on the McRuer crossover analysis, it was
observed that high gains below the crossover frequency support good tracking
performance of slower components of given the expert motion [10]. In addition, observed
low gains beyond the crossover frequency guarantee good tracking performance by

suppressing high frequency oscillation [10]. Furthermore, positive average gain and
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phase margins from the open-loop system analysis suggest that the MIMIC system
promotes smooth motion replication behaviors in subjects.

The PD control signal produced smaller average position errors compared to either the
P or D control signals alone. This finding also confirms the results of the experimental
data in Chapter 3. This finding was expected given the inclusion of velocity information
(i.e., the D control signal) in the simulation, which effectively reduces the tactor
activation threshold limit and leads to the CNS receiving information regarding
performance of the motion replication task earlier than it would with the P control signal
[2]. However, a higher D gain, combined with the unit P gain, results in larger position
errors compared with the P+0.5D control signal. This means that the high D gain can
produce excessive oscillatory movements. In addition, the results suggest that other
combinations of gains (e.g., 0.75P+1.0D or P+0.25D) could also be used for the trunk
bend motion replication task.

However, there are several limitations to this study. The model did not capture lower
limb contributions to the trunk bend movement. The simulation was conducted using an
inverted pendulum that only represented the upper body, even though multiple-body
segments are generally involved in the generation of human motion. Furthermore, the
study for deciding the optimal controller gain was limited to position and velocity gains.
The future work on the modeling and simulation of the MIMIC controller might include
using various body segments and reference movements in order to enhance the usability
of the MIMIC system in balance rehabilitation exercises. Additionally, finding the

optimal controller gains may be performed with the addition of acceleration (suggested
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by Loughlin et al. [15]) or predictive information (suggested by Wall and Kentala [2]) in

order to develop a MIMIC controller with higher fidelity.
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CHAPTER 5: Cell Phone Based Balance Trainer

5.1. Abstract

A cell phone based vibrotactile feedback system has been designed and developed for
potential use in balance rehabilitation training in clinical and home environments. It
comprises an iPhone with an embedded tri-axial linear accelerometer, custom software to
estimate trunk tilt, a “tactor bud” accessory that plugs into the headphone jack to provide
vibrotactile cues of trunk tilt, a small external controller to translate the audio signals
from the iPhone into vibrotactile cues, and a battery. Five young healthy subjects (24+2.8
yrs, 3 females and 2 males) and four subjects with vestibular involvement (42.25+13.5
yrs, 2 females and 2 males) participated in a proof-of-concept study to evaluate the
effectiveness of the system. Healthy subjects used the system with eyes closed during
Romberg, semi-tandem Romberg, and tandem Romberg stances. Subjects with vestibular
involvement used the system with both eyes-open and eyes-closed conditions during
semi-tandem Romberg stance. Vibrotactile feedback was provided when the subject
exceeded either an anterior-posterior (A/P) or a medial-lateral (M/L) trunk sway

threshold. Subjects were instructed to move away from the vibration. The system was
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capable of providing real-time vibrotactile cues that informed corrective trunk tilt
responses. When feedback was available, both healthy subjects and those with vestibular
involvement significantly reduced their A/P or M/L RMS trunk sway (depending on the
direction of feedback), had significantly smaller elliptical area fits to their sway trajectory,
spent a significantly greater mean percentage time within the no feedback zone, and
showed a significantly greater A/P or M/L mean power frequency. The results suggest
users can use the real-time feedback provided by this system to reduce their trunk sway.
Its advantages over more complex laboratory-based and commercial balance training
systems in terms of cost, size, weight, functionality, flexibility, and accessibility make it a

good candidate for further home-based balance training evaluation.

5.2. Motivation and objective

Balance disorders increase the risk of non-fatal and fatal falls, leading to direct
medical costs of approximately 19 billion USD annually [1]. Among the treatments
available for balance disorders, physical balance rehabilitation has the advantage of being
non-invasive while providing interventions that can be tailored to patient’s specific needs.
These clinical balance rehabilitation programs are designed to recover, retrain, or develop
new sensorimotor strategies, in order to facilitate functional mobility, decrease dizziness,
and re-establish effective coordination [2-4]. Rehabilitation programs that incorporate
motor, sensory, and cognitive systems are more effective than muscular training alone in

reducing balance and coordination deficits [5-6].
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Post-treatment, patients are instructed to continue exercises on their own at home, but
lack of expert feedback has been shown to limit improvement, causes a loss in motivation,
and eventually leads to exercise discontinuation [7-9]. In addition, compliance decreases
over time due to a lack of proper instruction (i.e., feedback on the appropriateness of
exercise movements) and consequent loss of motivation due to the absence of feedback
from physical therapy aids [8]. Furthermore, practical considerations (e.g., financial,
patient schedule, or therapist load) constrain the number of training sessions that can be
performed in a clinical setting under expert supervision.

Augmented/substituted sensory biofeedback is a technique currently being explored as
a means of supplementing/replacing compromised sensory information during
rehabilitation in order to retrain sensorimotor functions [10]. In the clinical setting,
balance rehabilitation training incorporating biofeedback has been accomplished by
providing visual displays [11-14], auditory tones [15-18], and/or tactile stimulations [19-
31], which include surface electrode stimulation of the vestibular nerve (i.e., galvanic
vestibular stimulation) [21, 23, 26, 31], electric currents applied to the tongue [19-20, 27-
28], or vibration applied to the body segment [22, 24-25, 29-30]. Existing biofeedback
systems employing sophisticated inertial or center-of-pressure measurement devices [32-
33], complex and high-resolution arrays of vibrating actuators (tactors) or electrodes [25,
34], and estimation algorithms for capturing body tilt [35] have been investigated for the
purpose of task-oriented training in neuromotor rehabilitation [10].

Among these various biofeedback modalities, vibrotactile feedback has the advantage
of discreetly providing motion cues that may not interfere with a person’s activities of

daily living (e.g., hearing or speaking). Vibrotactile feedback displays can be co-located
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with the inertial measurement units (IMUs) used to detect the kinematics of a particular
body segment, thereby providing more intuitive operation [36]. While positioning these
components on the trunk offers less spatial resolution and increased reaction times
compared to locations on the tongue, head, or finger [37], trunk positioning offers a
significant advantage for rehabilitation purposes, since it maps directly to the body
segment that primarily dictates the location of the center-of-mass with respect to the
base-of-support. We have previously shown that real-time trunk-based vibrotactile
feedback significantly decreases postural sway during multidirectional perturbed stances
in individuals with vestibular involvement [25] and during normal and semi-tandem
Romberg stances in older adults [38-39].

In their current laboratory-based form, vibrotactile device technologies are impractical
for use in home rehabilitation training regimens due to their size, weight, complexity,
calibration procedures, cost (due to high-performance IMUs and computational
processors), and fragility. Very recently, commercial balance training systems have
become commercially available [40-41]. The BalanceFreedom™ [40] measures angular
deviations and angular velocities of the trunk and provides auditory, vibrotactile, and
visual cues through a headband. The VertiGuard® RT [41] is a vibrotactile feedback
system that measures body sway and provides vibrotactile cues on the trunk with an
intensity proportional to the magnitude of body sway in the direction corresponding to/
associated with a tactor.

Both the BalanceFreedom™ and VertiGuard® RT systems were developed in order to
improve patients’ balance stability during stance and gait in the clinical environment.

However, wider use of vibrotactile feedback for balance rehabilitation can be achieved by
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taking advantage of technologies already widespread. Smartphones in particular stand out
for this purpose, as they feature increasingly powerful microprocessors, considerable
memory capacity, large screens, open source operating systems, tri-axial accelerometers,
and high-resolution video, making them ideal candidates for easily programmable and
customizable balance feedback. Supplying vibrotactile balance training through a
smartphone obviates the need to purchase and carry a dedicated system (such as
BalanceFreedom™ or VertiGuard® RT) for those within the rapidly-expanding
smartphone market, which is projected to reach 1 billion users by 2014 [42]. Furthermore,
smartphones offer features that dedicated vibrotactile feedback systems do not, such as
the ability to wirelessly communicate with a hospital or therapist through internet or
Bluetooth data connections, the support of a large programming community, and the
ability to integrate balance training into a larger suite of smartphone-based medical
applications that include real-time monitoring of physiological signals such as blood
pressure [43], body temperature [44], and heart rate [45-46].

Recognizing the potential advantages in terms of increased functionality and improved
access for at-home physical rehabilitation, this chapter presents design, development, and
assessment of a low-cost, small, lightweight, easy-to-use, cell phone-based vibrotactile
feedback system for balance rehabilitation training. The primary goal of this study is to
develop an effective system that can be used in the home to assist a patient with therapist-
assigned balance exercises or in an environment where access to balance therapy is
limited (i.e., rural regions in the developing world, where health care access is difficult
but cell phone networks are increasingly prevalent [47]). In what follows, this chapter

will 1) describe the hardware and software design, 2) quantitatively assess the
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effectiveness of the proposed system in young healthy subjects and subjects with
vestibular involvement, and 3) discuss the potential applications of this technology to

clinical and home-based balance rehabilitation training.

5.3. Methods

5.3.1. Hardware design

Figure 5.3.1 shows the prototype of a cell phone-based balance training system. The
hardware accessory referred to as a “tactor bud”, which plugs into and receives sinusoidal
signals from the cell phone audio jack was developed to provide a vibrotactile feedback.
The tactor bud consists of a controller, a battery, and two tactors as shown in Figure 5.3.1.
Note that the tactor bud is much smaller and much lower in cost than the dedicated
vibrotactile systems discussed above. The controller is composed of a microcontroller
unit (MCU) (ATMEL, ATmega 32), quad operational amplifier (MC33204), and two
band-pass filters with frequency bandwidths of 100-600 Hz and 1.9-3.0 kHz,
respectively. The controller detects the frequency of the cell phone generated sine wave
(either 250 Hz or 2 kHz) and provides a 3.0 V DC voltage signal to drive a selected tactor
based on which cell phone generated sine wave is detected. All controller functions are
managed by the MCU, which provides acceptable computational performance (each
command is executed at a frequency of 16 MHz) with minimal power consumption at a

low cost (less than $20 / MCU).
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Figure 5.3.1. Prototype of cell phone based balance trainer.

The choice of tactor was based on a number of design considerations including
availability, size, weight, power consumption, cost, and signal strength as perceived by
the user. While previous studies demonstrated balance improvements in healthy subjects,
older adults, and patients with vestibular involvement using laboratory-based vibrotactile
feedback systems that employ C2 and Tactaid tactors [25, 30, 38, 48-49], the high power
consumption and cost of these tactors make them less suited for mobile battery-powered
applications. Consequently, the tactor was chosen to be small, low-power, and coin-style
(Samsung Electro-Mechanics, DMJBRK300, $4 each) actuated via eccentric mass pager
motors with rotation speed that vary as a function of the DC voltage input. These round

tactors each have a diameter of 10 mm, weight of 1.2 grams, operation range of 2.5 V to
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3.5 V at 65 mA, vibration frequency of 200 Hz at 3.0 V, and spin-up time to reach
maximum rotational velocity of approximately 90 ms. Since they can be actuated by DC
voltage alone, no complex controllers are required for signal generation. In order to
create a larger skin contact area, 25mm diameter plastic caps was used to house each

tactor.

5.3.2. Cell phone platform and software algorithm

For our initial design we sought to develop a cell phone platform that provided real-
time operation, simple setup and use by the programmer and end user, integrated motion
sensing, and the ability to save training data for subsequent performance analysis.
Therefore, the iPhone (Apple, Inc. iPhone 3GS) was chosen for this purpose, as it
includes a built-in tri-axial linear accelerometer (STMicoelectronics, LIS302DL), an
adequately powerful microprocessor (ARM Cortex A8, 600 MHz), substantial memory
capacity (16 GB storage), a touch screen interface (3.5 inches with 320 x 480 pixels), and
a software development toolkit (SDK) provided by Apple, Inc. [50]. Mounted on the
waist via an elastic belt, the phone was used to measure trunk acceleration, estimate both
A/P and M/L trunk tilt, provide tactor activation commands to the “tactor bud”
vibrotactile stimulation hardware, and store body tilt data as well as vibration onset and
duration for later performance analysis.

Tilt estimates were computed using an Euler-angle-based extended Kalman filter
(EKF) described in detail in Appendix B.2. However, the two state variables (i.e., roll and

pitch angular velocities) are calculated from time derivatives of the roll and pitch angular
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positions. The EKF can typically be applied to nonlinear systems with additive white
noise (i.e., measurement noise) by continually updating around the previous state
estimate, starting with an initial guess [51]. In order to quantify measurement noise and
drift, the phone (containing the tri-axial linear accelerometer sensor) was placed on a
vibration isolated optical table for an extended period of time.

Figure 5.3.2 shows a flow chart of the software architecture implemented in the cell
phone platform. If the trunk tilt angle estimated by the EKF surpassed a preset positive
angle limit with respect to the vertical, a 250 Hz sine wave was transmitted to the tactor
bud through the iPhone’s audio output jack. Similarly, if the estimated body tilt angle was
less than the negative angle limit with respect to the vertical, a 2 kHz sine wave was
transmitted. The generated sine waves were detected by the audio signal detector in the
tactor bud hardware controller, which activated the proper tactor based on the sine wave
frequency. The update rate from sensing to displaying vibrotactile feedback was

nominally 50 Hz.
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5.3.3. Subjects

Five young (24 + 2.8 yrs) healthy naive subjects (3 female, 2 male) and four subjects
(2 female, 2 male) with vestibular involvement (42.24+13.5 yrs) participated in this proof-
of-concept study. Three of this latter group were patients with unilateral vestibular
deficits, and one had bilateral vestibulopathy. Patients were eligible to participate in this
study if they had a diagnosed peripheral vestibular impairment, caloric weakness of 25%

or greater on either side, and recommendation by a physical therapist for balance
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rehabilitation. Subjects with vestibular involvement were excluded if they had severe
visual impairment, history of fainting, idiopathic vestibulopathies, or neurological disease
affecting balance (e.g., Parkinson’s). The University of Michigan Institutional Review
Boards approved the experimental protocol, which conformed to the Helsinki Declaration.

Informed consent was obtained from each subject prior to the start of the experiment.

5.3.4. Experimental protocol

Both subject groups were instrumented with the cell phone based balance trainer.
Healthy subjects were tested using three different stance conditions: Romberg, semi-
tandem Romberg, and tandem Romberg stance [52]. For the Romberg stance condition,
tactors were placed on the trunk midline (navel and spine) at approximately the L4/L5
vertebrae level. For the semi-tandem Romberg and tandem Romberg stance conditions,
tactors were placed on the medial and lateral sides of the trunk at approximately the
L4/L5 vertebrae level. Both subject groups were instructed to move away from a
vibrotactile cue until the vibration stopped [24-25, 29]. The angle limit (i.e., dead zone)
that dictated the onset of vibrotactile feedback was selected as 1.0° in the A/P direction
for Romberg stance, 1.0° in the M/L direction for semi-tandem Romberg stance, and 1.5°
in the M/L direction for Romberg stance.

Each subject performed practice trials for each stance condition before the
experimental protocol began. Each practice trial consisted of a 40 s balance task followed
by a 20 s break. Healthy subjects performed 12 practice trials (~15 min. total) with their
eyes closed for each stance condition, including 10 trials with vibrotactile feedback and
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two trials without vibrotactile feedback. Subjects with vestibular involvement
participated in a separate study involving a lab-based vibrotactile feedback system
immediately before completing the cell phone study and consequently were well
acquainted with the challenging nature of the tandem Romberg stance both in the
presence and in the absence of vibrotactile feedback.

For both subject groups, the experimental protocol comprised eight separate trials
consisting of two trials without vibrotactile feedback, followed by four trials with
vibrotactile feedback, followed by two trials without vibrotactile feedback. Healthy
subjects were instructed to keep their eyes closed and arms crossed over their chest
during all three stance conditions. The subjects with vestibular involvement were tested
using only the semi-tandem Romberg stance, with their arms crossed over their chest
during both the eyes open and eyes closed conditions, as the tandem Romberg stance
proved too challenging to perform. The study team assisted all subjects with both
donning and operating the cell phone system.

Following the completion of the experimental protocol, each subject answered a six-
question comparative Likert scale survey (strongly disagree (1), disagree (2), neither
disagree nor agree (3), agree (4), or strongly agree (5)) which assessed the subject’s
preference for the device, balance confidence, and impression of the system’s
intuitiveness. The survey questions were: Q1) My body was more stable when feedback
was available than when it was not available, Q2) The feedback did not distract me from
performing the given balance task, Q3) When the feedback was available, I felt more
confident in my ability to maintain my balance during the given balance task, Q4) I could

use this type of feedback at home by myself if [ was given the appropriate equipment, Q5)
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I understood how to use the feedback, and Q6) I would prefer to use no feedback rather

than use this type of feedback.

5.3.5. Data analysis

All data processing was performed off line using MATLAB (The MathWorks, Natick,
MA). The metrics used to quantify subjects’ balance performance were root mean square
(RMS) of trunk tilt, elliptical area (EA) of trunk sway trajectory, percent time spent in the
dead zone where no tactor activation took place (PZ), and mean power frequency (MPF)
of trunk sway, calculated for each trial from the power spectral density of trunk tilt. The
RMS trunk tilt in the A/P and M/L directions was computed by taking the square root of
the time average of the squared A/P and M/L tilt values. The trunk tilt trajectory of each
trial was fit with a 95% confidence interval ellipse in order to capture the sway area. In
addition, PZ analysis was conducted by calculating the percentage of time that the trunk
tilt was within the specified angle limits for a given stance condition. The MPF
parameters of A/P and M/L tilt were computed to characterize the mean spectral
decompositions of sway motions in specific bandwidths (0—1.0 Hz). Note that the first
two non-feedback trials were averaged with the last two non-feedback trials and four
feedback trials were averaged for each subject for each metric in order to perform a
statistical analysis.

Statistical analysis was performed using linear mixed effects models (LMM). One
particularly desirable feature of this analytical methodology is that it takes into account

the likely correlation of repeated measurements performed on the same subject.
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Dependent variables were RMS trunk tilt, EA, PZ, and MPF. The primary focus of the
analysis was to estimate the effects of vibrotactile feedback during different stance
conditions on the dependent variables while accounting for the correlation of the
replicated measures obtained from the same subject. Hypotheses for the main effects of
vibrotactile feedback were tested using an F-test. The averages of the dependent variables
during the first two trials (which were performed without feedback) were used as baseline
values in order to evaluate the effects of vibrotactile feedback and facilitate comparisons
among subjects. Significance was defined at p < 0.05.

The rank of vibrotactile feedback for all six survey questions was averaged over all
subjects to determine an overall rank of the proposed system efficacy, with five being the

highest rank and the “most preferred” or “most helpful in maintaining balance.”

5.4. Results

5.4.1. Performance evaluation of cell phone based balance trainer

Figure 5.4.1 shows the performance of the EKF tilt estimation algorithm implemented
in the cell phone based balance trainer. To evaluate accelerometer noise and drift, the cell
phone was attached to a tilt table that was manually manipulated. Without the EKF
algorithm, the noise of the angular position accelerometer output computed by Equation 1
was observed to be approximately +1.2°, while employment of the EKF algorithm
reduced the noise to 0.2° in both pitch (i.e., A/P) and roll (i.e., M/L) directions without

significant estimation delay.
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To benchmark the resolution of the cell phone accelerometer and tilt estimation
algorithm, the computed tilt was compared with that of a high fidelity motion tracking
IMU (Xsens, Xsens Technologies B.V., Enschede, NL.), as shown in Figure 5.4.1 (b).
Both the cell phone and Xsens IMU were attached to a tilt table that was oriented
manually. At a tilt frequency of 2.5 Hz, the sensing resolution of the cell phone based
system was better than 0.2°, while the high fidelity Xsens IMU resolution was better than
0.1°. Note that the data from the cell phone was recorded in the phone internal memory
while the data from the Xsens IMU was recorded by a laptop computer. It is important to
note that the refresh rates of the iPhone and the laptop computer were not equal to each
other even when both refresh rates were set at 20 ms; the refresh rate variations in the
iPhone and the laptop computer are £3.2 ms (£16 %) and £0.5 ms (£2.5 %), respectively.
Due to time step variation of each refresh rate, a synchronization discrepancy between the

two signals, shown in Figure 5.4.1 (b), existed.
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Figure 5.4.1. (a) Effect of EKF algorithm on tilt estimation performance: solid and
dashed lines represent estimated tilt angle of the cell phone without or with EKF
algorithm, respectively. (b) Benchmarking of tilt estimation: blue solid and red dashed
lines represent tilt angle estimated by a high fidelity sensor and the cell phone sensor,
respectively. Tilt angle was sampled at a rate of 50 Hz for both sensors.
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5.4.2. Healthy subjects

Figure 5.4.2 shows elliptical fits and RMS tilt values for example trunk sway
trajectories obtained from a healthy subject for the three different stance conditions. The
subject exhibited a decreased EA for each stance condition when cell phone based
vibrotactile feedback was applied, as well as decreased RMS. All healthy subjects
demonstrated larger EA during tandem Romberg stance than during the other two stances,
presumably due to the more challenging nature of the tandem Romberg stance.

Figure 5.4.3 presents the statistical analysis and significance levels of the average A/P
RMS, M/L RMS, PZ, EA, A/P MPF, and M/L MPF metrics for healthy subjects during
all stance conditions. For Romberg stance, significant main effects were found for the
A/P RMS, M/L RMS, PZ, EA, and A/P MPF metrics when vibrotactile feedback was
provided. Subjects showed a significant decrease in A/P RMS, M/L RMS, and EA, and a
significant increase in PZ and A/P MPF. For semi-tandem Romberg stance, significant
main effects were found for the M/L RMS, PZ, EA, and M/L MPF metrics when
vibrotactile feedback was provided. Subjects showed a significant decrease in M/L RMS,
and EA, and a significant increase in PZ and M/L MPF. For tandem Romberg stance,
significant main effects were found for the A/P RMS, M/L RMS, PZ, and EA metrics
when vibrotactile feedback was provided. Subjects showed a significant decrease in A/P
RMS, M/L RMS, and EA, and a significant increase in PZ.

Frequency domain analysis of trunk tilt (MPF) for healthy subjects shows that

provision of vibrotactile feedback significantly increases low frequency power in the 0.1
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Hz to 0.4 Hz range for A/P MPF with Romberg stance and M/L MPF with semi-tandem

Romberg stance.
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Figure 5.4.2. Elliptical fits and RMS values for one healthy subject trial under each
stance condition without (left column) and with (right column) feedback. The blue line
represents the elliptical fit with major and minor axes, and the green line represents the
actual trunk tilt trajectory.

158



: No Feedback : Feedback
a) A/P RMS b) M/L RMS
3 (a) p=0.0010 3 (b)
- [=1 -
o] o] <0.0001
= = PP
=2 = 2 K
< peoor PP e 2=<0.000]
= [ | S p=0.0044
&1 & 1 ]
72 ! 72} i
= >
&~ &
Romberg Semi-tandem Tandem Romberg Semi-tandem Tandem
(c) PZ (d) EA
0
2<0.0001 p<0.0001 =0.0001
PER0001 PR T i
-~ .
S 80 <o 30
@ Q
= =
= < 20
G 5
c 40 z 10 =0.0001
B p<0.0001  [*1]
[ |
0 Romberg Semi-tandem Tandem Romb-erg Semi-tandem Tandem
(e) A/P MPF (f) M/L MPF
p=0.0010
[«1  p=0.2145
»[30.4 @0.4 [ 1
Z 0.0001 E I
z PR ~0.8191 p=0.1340 2
H N o M e B
$0.2 m 0.2
- W § e
o ] o _
= €3 =t

Romberg Semi-tandem Tandem

Romberg Semi-tandem Tandem

Figure 5.4.3. Balance metric results for healthy subjects. All values were computed by

averaging the values of each subject’s average value. (a) RMS tilt in the A/P direction. (b)
RMS tilt in the M/L direction. (c) Percent time spent in the dead zone. (d) Elliptical area.

(e) Mean power frequency in the A/P direction. (f) Mean power frequency in the A/P

direction. Error bars indicate standard error of the mean.
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5.4.3. Subjects with vestibular involvement

Figure 5.4.4 shows elliptical fits and RMS tilt values for example trunk sway
trajectories obtained from a subject with vestibular involvement during eyes-open and
eyes-closed testing in the semi-tandem Romberg stance. While an increase in EA was
observed for the eyes-closed condition relative to the eyes-open condition for both
feedback conditions, the subject exhibited a decrease in EA and RMS for both eyes-open

and eyes-closed conditions when cell phone based vibrotactile feedback was applied.
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Figure 5.4.4. Elliptical fits and RMS values for one subject with vestibular involvement
under eyes-open and eyes-closed conditions. Left and right column indicates subject’s
performance without and with feedback, respectively. The blue line represents the
elliptical fit with major and minor axes, and the green line represents the actual trunk tilt
trajectory.
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Figure 5.4.5 presents the statistical analysis and significance levels of the A/P RMS,
M/L RMS, PZ, EA, A/P MPF, and M/L MPF metrics during all stance conditions for
subjects with vestibular involvement. Significant main effects were found for the M/L
RMS, PZ, EA, and M/L MPF metrics when vibrotactile feedback was provided,
regardless of whether subjects had their eyes open or closed. Subjects showed a
significant decrease in M/L RMS and EA, and a significant increase in PZ and M/L MPF.
When subjects had their eyes closed, the M/L RMS, EA, and M/L MPF metrics trended
larger, and PZ smaller, for both feedback conditions.

The MPF for subjects with vestibular involvement shows that provision of vibrotactile
feedback significantly increases low frequency power of the M/L direction in the 0.1 Hz

to 0.4 Hz range for Romberg stance with eyes open and with eyes closed condition.
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Figure 5.4.5. Balance metric results for subjects with vestibular involvement. All values
were computed by averaging the values of each subject’s average value. (a) RMS tilt in
the A/P direction. (b) RMS tilt in the M/L direction. (¢) Percent time spent in the dead
zone. (d) Elliptical area. (¢) Mean power frequency in the A/P direction. (f) Mean power
frequency in the A/P direction. Error bars indicate standard error of the mean.
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5.4.4. Subjective evaluation of balance trainer by all subjects

According to the post-experimental Likert questionnaire, the majority of subjects
(healthy and those with vestibular involvement) agreed that their body was more stable
when vibrotactile feedback was available than when it was not (Q1 — avg. 3.95+0.8 / 5),
that vibrotactile feedback did not distract them from performing the given balance task
(Q2 — avg. 4.21+0.8 / 5), and that they felt more confident in their ability to maintain
balance when vibrotactile feedback was available (Q3 — avg. 3.954+0.7 / 5). Furthermore,
subjects agreed that they could use the device at home by themselves if it were provided
to them as-is (Q4 — avg. 4.21+0.6 / 5) and most subjects understood how to use the
vibrotactile feedback provided (Q5 — avg. 4.68+0.4 / 5). Finally, when subjects were
asked to rate their preference for not using vibrotactile feedback during stance tasks, they
disagreed with the statement (Q6 — avg. 2.42+1.2 / 5). The subjects with vestibular
involvement consistently rated the utility of the feedback higher than the healthy subjects:
Q1 —4.5+0.6 vs. 3.80+0.9; Q2 — 4.50+0.6 vs. 4.13+0.8; Q3 —4.7540.5 vs. 3.734+0.6; Q4 —

4.25+0.5 vs. 4.20+0.7; Q5 — 5.00+£0.0 vs. 4.60+0.5; Q6 — 1.25+1.2 vs. 2.73+1.1.

5.5. Discussion

The main finding of this work is that trunk tilt can be robustly captured by a cell phone
equipped with a tri-axial accelerometer and used to assist with balance. This finding
offers several advantages in terms of size, weight, cost, functionality, flexibility, and
accessibility versus more complex laboratory and commercial systems dedicated to this

purpose. Comparisons of trunk tracking performance between the cell phone system and
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a sophisticated IMU technology often implemented in non-portable laboratory systems
[25, 33, 35, 38-39] demonstrate that the cell phone system can provide resolution trunk
tracking with less than 0.2° error. This result is comparable to the resolution of
commercially available IMU-based trunk tracking systems (tracking errors less than 0.1°).
Moreover, the EKF motion estimation algorithm implemented for the cell phone system
largely eliminates inherent sensor noise and provides a robust estimate for trunk tilt
without a significant time delay.

Since the cell phone based system studied here only incorporates a tri-axial
accelerometer, trunk tilt estimation is inferior to IMU systems that incorporate both an
accelerometer and a gyroscope. This limitation could be overcome by employing further
sensors, such as a tri-axial gyroscope for orientation sensing or a tri-axial magnetometer
for measuring the Earth’s magnetic field. A second concern is that the system studied
here requires the cell phone to be placed on the body segment being evaluated, since the
sensor capturing body motion is embedded within the phone itself. Consequently, a
second-generation tactor bud that incorporates a small IMU (containing both a tri-axial
accelerometer and a gyroscope) is currently being developed. Finally, since the system
was tested using only a small number of subjects, some of the true differences between
conditions may not have been detected in the analysis.

The results of this proof-of-concept study show that healthy subjects exhibit
significant improvements in the most challenging stance condition (tandem Romberg)
when cell phone based vibrotactile feedback is provided. Indeed, the majority of healthy

subjects remained inside the given dead zone for the stance tasks executed. In addition,
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analysis of EA suggests that vibrotactile feedback reduces trunk tilt area while subjects
were provided with vibrotactile feedback.

The MPF results suggest that more frequent corrections of trunk tilt contributed to an
increase in mean power frequency in the presence of vibrotactile feedback (i.e., subjects
actively moved their trunk in response to the cues as opposed to stiffening their bodies
and remaining as still as possible in order to prevent movement outside of the dead zone).
In the case of M/L MPF, however, results for tandem Romberg stance in the presence of
vibrotactile feedback showed a non-significant change in comparison to the feedback-off
trials. This can be explained by the challenging nature of this stance, especially when
performed with the eyes closed; in these trials, subjects may have stiffened their bodies in
order to remain still and did not search for and use the limits of stability coded by the
vibrotactile feedback. As such, sway frequency differences between the feedback-on and
feedback-off testing conditions were not significant.

Similar findings were observed in the vestibular involvement subject cohort, except
for the EA metric, for which subjects showed similar EA in both the presence and
absence of vibrotactile feedback during eyes-open trials. Furthermore, for this group the
main effects of vibrotactile feedback were observed only in the direction in which
vibrotactile feedback was provided. For example, neither A/P RMS nor A/P MPF showed
significant changes in the presence or absence of vibrotactile feedback in either eyes-
open or eyes-closed conditions when feedback was provided solely in the M/L direction.

The collected survey results indicate that the majority of subjects feel that the
proposed cell phone balance training system could be used at home without difficulty. In

addition, subjects felt they could use the system more effectively in distraction-free
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settings. Specifically, subjects with vestibular involvement indicated a higher confidence
level (avg. 4.75 / 5) than healthy subjects (avg. 3.4 / 5) in their ability to maintain balance
with the aid of vibrotactile feedback. This reinforces the positive balance metric
outcomes shown in the vestibular involvement subject group when feedback was present,
suggesting that vestibulopathic subjects can adequately rely on the proprioceptive input

provided via vibrotactile feedback to compensate for their vestibular loss.
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CHAPTER 6: Discussion

6.1. Vibrotactile biofeedback control signal

The majority of laboratory-based vibrotactile biofeedback systems used for balance-
related [1-9] and kinesthetic-based motion guidance [10-16] applications have provided
feedback based on a control signal that is proportional to the error between the target and
the subject’s position (P), the rate of change of the error (D), or a combination of the P
and D signals (PD). In balance-related and kinesthetic-based motion guidance
applications, information is coded in the form of vibrotactile stimuli applied over the skin
to provide real-time knowledge of performance (KP). During motor learning exercises,
KP enables the user (e.g., trainee or patient) to obtain information about his/her
movements and develop internal models that map movement characteristics to
performance outcomes [17]. The majority of previously published upper limb motion
guidance studies involving vibrotactile biofeedback have used a P control signal [10-14].
However, performance of vibrotactile-based motion guidance may be further improved if
the rate of change of position (velocity) or other predictive information is used to

generate the feedback control signal due to a time delay associated with perceiving,
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processing and responding to vibrotactile biofeedback. Wall and Kentala [18] and
Goodworth et al. [1] showed that trunk sway was significantly improved during dynamic
posturography with the addition of velocity information to the position information when
compared to either position or velocity information alone.

The studies presented in Chapters 3 and 4 investigated the effects of varying the nature
of the control signal during a simple motion replication task. Based on the experimental
results, subjects had the smallest position errors and time delays, and the largest cross-
correlation values when they replicated the motion using feedback based on a PD control
signal. This result is in agreement with investigations by Wall and Kentala [2] and
Goodworth et al. [1]. Therefore, incorporating velocity information with position
information might help subjects to compensate for the time delay associated with using
vibrotactile biofeedback that is introduced by sensory transduction, afferent transmission
(conduction velocity), processing, and efferent muscle activation. Furthermore, the use of
velocity information in the vibrotactile biofeedback control signal effectively reduces the
tactor activation threshold so that subjects receive tactile stimulation prior to reaching the
preprogrammed tactor activation threshold.

Recently, Wall and Kentala [2] showed that vibrotactile biofeedback based on a
predictive control signal (e.g., predicted motion of trunk sway based on prior 100 msec
trajectory) results in smaller RMS trunk sway values than a PD control signal during
dynamic posturography. Loughlin et al. [19] proposed a “custom design” approach using
system identification methods to identify subject-specific feedback parameters for
achieving desired body sway frequency responses; subjects attempted to fit a certain

frequency response profile. Their approach included a gain that was proportional to the

176



rate of change of velocity (acceleration) in addition to terms that were proportional to P
and D signals. Through simulation, they found that the “subject-specific filtered
feedback”, incorporating position, velocity, and acceleration information of the body,
needs to be provided in order to reduce trunk sway in the lower frequency range (less
than 0.5 Hz) [19]. Therefore, it is likely that the incorporation of a higher order derivative
(e.g., acceleration) or a predictive term into the tactor control signal, which was not
investigated in this dissertation, may improve a subject’s performance in motion
replication and balance rehabilitation applications. Likewise, customized control signals
that adaptively change the gain parameters for the PD control signal as a function of the
speed of a subject’s movements should be investigated in order to achieve a high fidelity

control scheme for the provision of vibrotactile biofeedback control.

6.2. Vibrotactile biofeedback coding scheme

6.2.1. Directional coding

A two-column single-row display was used for the cell phone balance training system
to provide directional information in either the A/P or M/L direction. This simple display,
as opposed to a multiple-row by multiple-column array configuration of tactors, was
pursued based on the results reported by Sienko et al. [5]; their data showed that when
feedback was provided, subjects spent the majority of the experimental trial in the dead
zone (tactors off) and in the zone corresponding to the first row (lowest level) of tactor
activation (i.e., when the tilt exceeded the smallest dead zone threshold, 1.0° in A/P and

M/L directions) during perturbed stance [5]. Furthermore, Sienko et al. [S] did not find
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any significant differences in RMS trunk sway reductions when feedback was provided
via a 4-column, 8-column, or 16-column display. They concluded that a display with a
spatial resolution of 90° was as effective as a display with a spatial resolution of 22.5° for
the particular task studied [5]. The subjects that participated in the cell phone balance
training study (Chapter 5) were able to use the simple two-column display to perform
three different stance conditions. Note, the two-column display was aligned along the
axis of least stability; in the case of the Romberg and semi-tandem Romberg stances,
feedback was provided along the A/P axis, while in the case of the tandem Romberg
stance, feedback was provided along the M/L axis. The results suggest that the simple
two-column binary display is adequate for simple standing tasks. However, the two-
column display requires the user to actively reposition the tactors based on the exercise
being performed. Thus, a future version of the cell phone training system should
minimally support a 4-column display in order to reduce the time associated with

reconfiguring the device during the training session.

6.2.2. Magnitude coding

The vibrotactile biofeedback coding scheme used throughout this work was binary in
nature; the tactors were either off or on at any given point in time. Using the simple
displays employed in this research, subjects could accurately mimic the simple task of
slowly bending at the waist and could decrease their trunk sway during different three
stance conditions. However, a binary display is unable to convey information about the

magnitude of the error or magnitude of the body displacement. The error magnitude is
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critical to motor learning [20-21]. Previous studies have demonstrated that knowledge of
the error magnitude not only reinforces the preferred direction of motion, but also helps
the user dynamically determine his/her body position during upper limb motion guidance
[11, 13-16] and balance-related exercises [22]. Therefore, it is assumed that continuously
displaying error magnitudes (where the location, pattern, or intensity of vibrotactile
biofeedback is controlled by the execution of the movement in real-time) could decrease
motion or range discrepancies in motion replication and balance rehabilitation
applications.

One potential way to overcome the above-mentioned limitation is to use a position-
based magnitude coding scheme. Wall et al. [23] and Sienko et al. [5] developed a
position-based coding scheme to convey information about the magnitude of the body
displacement with respect to the upright (vertical) position. The lowest row was activated
when the tilt exceeded the dead zone threshold. Tactor activation progressed from the
lowest to the highest row of tactors in a stepwise fashion with activation of the middle
and highest tactor rows corresponding to a tilt in excess of, respectively, 33% and 67% of
the measured limit of stability [5], which was defined by the subject’s maximum possible
erect postural tilt without loss of balance during quiet stance. However, a position-based
coding scheme requires more instrumentation, which would increase hardware cost and
complexity; it is desirable to have the simplest high-performing system for clinical and
home-based use. In addition, perceptual resolution and sensitivity must be taken into
consideration for the design of the torso-based vibrotactile biofeedback displays. Studies
by Weinstein [24], van Erp [25], and Cholewiak et al. [26] have shown that two-point

tactile discrimination thresholds (spatial acuity of the body with respect to two-point
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tactile stimulation) on the torso are on the order of 3.2-4.1 cm. Therefore, the maximum
number of tactors that can be placed within a single column or row of a torso-based array
is constrained by the two-point discrimination capability.

An alternative option to position-based magnitude coding is either frequency- or
intensity-based magnitude coding. Frequency-based coding affords the ability to use a
single tactor to generate vibrations at various frequencies. In the context of a vibrotactile
biofeedback display for balance-related applications, the beat frequency of the
stimulation could be modified as a function of the magnitude of the error. Lyford [22] has
recently demonstrated that frequency-based vibrotactile biofeedback of trunk tilt
magnitude can be as effective in providing information about body sway as the position-
based methodology described above [22]. Through a common clinical postural control
task (maintaining an upright stance involving surface perturbations with eyes closed) in
the anterior-posterior (A/P) direction, both frequency-based and position-based
vibrotactile biofeedback performed equally well in reducing trunk sway and reducing the
percentage of falls when compared to the no feedback condition [22]. Intensity-based
coding for vibrotactile biofeedback is yet another viable option worth further exploration
in balance rehabilitation applications. In the case of intensity-based coding, the intensity
of the vibration could be increased or decreased as a function of the error. Brewster and
Brown [27-28] showed that people are able to identify at least three different types of
intensity changes: increases, decreases, and level stimuli. To date, the intensity-based
coding scheme, which uses small shaftless actuators that vary their vibration intensity as
a function of the DC voltage input, has been used for upper limb motion guidance

applications and has been shown to reduce motion error between the desired and actual
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limb trajectories [11, 13-16]. The abovementioned frequency- and intensity-based
magnitude coding schemes require fewer tactors and could potentially reduce the

complexity and cost of the biofeedback system.

6.3. Instructional cues

The work presented in Chapter 2 characterized the non-volitional response to
vibrotactile stimulation applied around the torso; a location frequently used for
vibrotactile feedback displays [3-6, 23]. Vibrational stimulation applied over the internal
oblique and erector spinae muscles induced a postural shift in the direction of the
stimulation, and the observed vibration-induced postural shift was on the order of
approximately 1.0° based on the assumption that subjects followed the given stance
instruction (e.g., behaving like an inverted pendulum). This finding suggests that the
cutaneous receptors of the torso contribute to an internal representation of the upper body.
To date, repulsive cues have been used for balance-related standing and locomotor tasks
[4-5, 8, 23]. Although the repulsive cues used during the cell phone balance trainer study
elicited significant reductions in body sway during standing tasks, it may be possible to
achieve faster and/or larger corrections with attractive cues if one can leverage the natural
postural response to the vibrotactile stimulation.

Attractive cues may require more training than repulsive cues, but may obtain equal if
not better results. The effects of attractive versus repulsive vibrotactile instructional cues
during a simple motion replication task were primarily investigated in Chapter 3. This
proof-of-concept study showed that repulsive vibrotactile instructional cues resulted in

the greatest cross-correlation values, the least amount of time delay, and the least amount
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of average position error between expert and subject motions after a short training period
comprising six practice trials followed by six consecutive testing trials. The study’s
outcomes suggest that repulsive cues may be preferable for short-term applications, such
as in a rehabilitation setting where time with the patient is limited. However, analysis of
learning effects suggests that additional training trials are required to reach asymptotic
steady-state performance (such that subject’s performance plateaus) for both attractive
and repulsive cues. Furthermore, conclusions regarding whether one cuing strategy is
better than the other during long-term use have yet to be drawn. Indeed, the investigation
of the effectiveness of attractive versus repulsive vibrotactile instructional cues during
long-term use may be of clinical importance, since one of the two cues may result in

superior performance or may better leverage non-volitional responses.

6.4. Technology platforms

Accurate motion tracking plays a critical role in continuously monitoring patient
movements. While extensive work has been performed for motion tracking for
rehabilitation [29], IMU-based motion tracking has the advantages of being unobtrusive,
wearable (i.e., small size, light weight, and low power consumption), and capable of real-
time data processing. The above-mentioned characteristics of IMU-based motion tracking
provided a clear motivation for the development of the MIMIC and cell-phone-based
vibrotactile systems, presented in Chapters 3 and 5. The MIMIC and cell-phone-based
vibrotactile systems demonstrated the potential for home-based balance rehabilitation

training.
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Both systems (MIMIC and cell-phone) accomplish real-time motion estimation using
an embedded EKF algorithm (see Appendix B). With the evaluation of the EKF
algorithm described in Chapters 3 and 5, the achieved rate of noise reduction in angular
position was approximately 60% for the MIMIC system and 93% for the cell-phone
system. The reduction in noise with the employment of the EKF algorithm accomplished
a resolution equal to approximately 0.2° in both A/P and M/L directions for both the
MIMIC and cell-phone system, which was comparable to the estimation performance of
the commercially available high fidelity IMU (~ 0.2° resolution).

The proposed IMU-based vibrotactile biofeedback systems could be designed with
previously recorded expert motions or instructions for various tasks. The MIMIC system
was evaluated with pre-specified target trajectories of motion, which were previously
recorded, representing ideal expert performance during anterior-posterior movements of
the trunk. In the current configuration, the system is limited to providing feedback to a
single body segment using pre-recorded motion trajectories. Thus, the current MIMIC
system is not useful during complicated motion tasks involving more than one body
segment. In the case of a cell-phone-based vibrotactile system, the user needs assistance
with both donning and operating the cell phone system, since the phone is itself utilized
as a sensing system. Thus, placement of the phone on the torso implies that it cannot be
easily operated by the user. Furthermore, the accelerometers present in current smart
phones produce an estimate of tilt that is less robust than that of an inertial measurement
unit. The lack of information regarding angular velocities in space is a potential limitation
on the use of the current cell phone system being applied to gait-based balance

rehabilitation exercises. Furthermore, the device software is not intuitive, and the
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vibrotactile activation thresholds for the various exercises of the work proposed here have

not been determined.

6.5. Balance rehabilitation exercises

The balance rehabilitation exercises used in the studies were limited to normal or
modified standing and simple trunk bending movements. However, a practical clinical or
home-based feedback system would need to be able to provide meaningful information
during a wide range of motions and activities including walking.

Among clinical balance rehabilitation exercises, weight-shifting exercises are
commonly used [30-31]. These exercises involve shifting the body’s center of weight
(referred to as the body’s center of mass, COM) smoothly and rhythmically in the A/P,
M/L, or combined A/P and M/L directions. The position of the body’s COM is usually
estimated by measuring the body’s center of pressure (COP), which is defined as a point
under the feet of a standing person where the total sum of a pressure field acts [32].
During weight-shifting exercises, patients are asked to lock their knee and hip joints and
move in a manner similar to an inverted pendulum (i.e., employ an ankle [33] versus a
hip strategy [34]). The primary performance metrics are movement velocity and
directional control of whole body motion [35-38]. The regular performance of weight-
shifting balance exercises has been shown to improve motor function for maintaining
balance and reduce the risk of falling in young healthy adults [39-40], older adults [36-37,
39-40], stroke patients [38], and patients with Parkinson’s disease [41]. In previous
studies, visual instructions were provided by showing subjects COP, and the exercise
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focused on slow and low-impact movements that shifted the subject’s COM in the A/P,

M/L, or combined A/P and M/L directions. Although the current MIMIC and cell phone

systems are unable to measure the body’s COP, other studies have shown that reductions

in trunk sway are coupled with decreases in COP when vibrotactile biofeedback is

provided.
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CHAPTER 7: Future Work

7.1. Vibrotactile biofeedback

In order to determine the best vibrotactile instructional method, a comprehensive
investigation of the natural postural response to vibrotactile stimulation that takes the
effects of age and co-vibration (defined as a vibration stimulus applied simultaneously
over two muscle groups) into account must be conducted. In general, it is evident that
cutaneous vibratory sensation and proprioception deteriorates with age [1-2] and
abdominal obesity, which progressively increases with age [3-5]. A significant change in
cutaneous sensation is also associated with increasing age [6-9]. This may indicate that
the non-volitional postural response to vibrotactile stimulation over the torso could be
absent or reduced in the elderly. Furthermore, the effects of co-vibration on posture
regulation must be assessed in order to determine whether such a stimulus combination
contributes to a summation of postural responses as seen when applied to the sole-flexor
muscles of the foot, soleus, ankle, and dorsal neck muscles [10]. Moreover, while the
study of postural effects in response to uninstructed vibrotactile stimulation focuses on

the postural response of the torso, the natural postural tendencies of other body segments
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(e.g., the head or lower limbs) require further investigation in order to assess whether the
relative contribution among different body segments exists (i.e., the reorganization of
different body segments for postural coordination).

Future studies should include more complex and dynamic standing balance
rehabilitation exercises. The exercises used in this research were relatively simple. The
use of the MIMIC and cell phone system during locomotor-based activities will require
additional software and hardware considerations. Furthermore, additional patient
populations could be employed as potential subjects.

With regard to the magnitude coding for vibrotactile biofeedback, the developed
wearable IMU-based vibrotactile biofeedback systems described in Chapters 3 and 5
utilize a microcontroller unit (MCU) to drive coin-style tactors. Since the coin-style
tactor varies its rotation speed as a function of the DC voltage input, the implementation
of frequency-based magnitude coding is not viable. However, it is possible to control the
intensity of the vibrations with a varying PWM (Pulse Width Modulation) signal using
different duty ratios [11-14]. In general, a microcontroller unit (MCU) has a limited
number of PWM ports (e.g., two PWM ports in the ATMEL ATmega 128 and ATmega 8
MCUs). Thus, a PWM waveform generation algorithm using general digital I/O ports is
necessary to support more than three tactors. A detailed PWM signal generation
algorithm which employs MCU I/O (Input/output) channels is provided in Appendix C.1,
and could be used for continuously displaying error magnitudes.

The simulation model of the MIMIC system, described in Chapter 4, assumes that
lower limbs do not contribute to postural correction. This assumption allows the simple

hip joint inverted pendulum to be implemented as a numerical model. However, multi-
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body segments (e.g., hip, knee, and ankle joints) are usually involved in postural control,
so it follows that multiple body segments would also contribute to postural corrections
[15-17]. Winter [18] asserts that balance can be achieved by employing various
combinations of ankle, hip, and knee movements while standing and walking. Thus, a
high fidelity model incorporating multi-body segments may be required to predict the
muscle torque generated in multi-body segments. With a high fidelity model, an
investigation of the effects of control parameters (e.g., higher derivative terms and/or
predictive information), vibrotactile biofeedback coding schemes, and vibrotactile
instructional methods (i.e., attractive versus repulsive) could be performed in order to
optimize vibrotactile cuing signals for motion replication and balance rehabilitation

exercises.

7.2. Future system design

One long-term goal of this work is to develop a web-based MIMIC and a ubiquitous
cell-phone-based balance rehabilitation tool. The MIMIC will be developed as a web-
based motion and/or balance training tool that supports motion instruction for multiple
body segments (e.g., head, trunk, and lower limb) and enables an expert (e.g., a physical
therapist) to map his/her movements to a trainee (e.g., a patient) remotely. A web-based
MIMIC system could be used to simultaneously instruct a classroom of trainees and
individuals at home, allowing them to perform common balance rehabilitation exercises.
The instructed movement could be based on either previously expert recorded motions or

streamed live via the Internet.
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In order to design a ubiquitous cell-phone-based balance rehabilitation tool, the user
must be able to operate the system without the assistance of a health care provider or
family member. One step toward achieving this goal is to use the cell phone for selecting
exercises and displaying data. In this design scenario, the subject will not need to use the
phone’s built-in accelerometer to detect and estimate tilt, but will instead be able to use
the phone as an interface to communicate with a customized wearable unit composed of a
six-degree-of-freedom IMU, a microcontroller, and a four-tactor feedback assembly. In
addition, since phones have the capability of providing text-based, auditory, and video
instructions to demonstrate each exercise, the phone can deliver audio prompts to indicate
the beginning and end of each trial, display KP, and communicate results to the physical
therapist.

The ability to acquire motor skills can be improved by integrating information from
multiple sensory inputs (e.g., visual, auditory, or tactile) [19]. Future versions of the
MIMIC might include visual information in addition to vibrotactile cues. Previous studies
have demonstrated that a visual biofeedback display synchronized with vibrotactile
biofeedback can improve users’ performance during motion learning [14, 20-22] and

balance-related exercises [23].

References

1 H. B. Skinner, R. L. Barrack, and S. D. Cook, “Age-related decline in
g
proprioception,” Clinical Orthopaedics and Related Research, no. 184, pp. 208-

211, Apr. 1984.

195



[2]

[8]

A. D. Whanger and H. S. Wang, “Clinical correlates of the vibratory sense in
elderly psychiatric patients,” Journals of Gerontology, vol. 29, no. 1, pp. 39-45,
Jan. 1974.

I. S. Okosun, T. E. Forrester, C. N. Rotimi, B. O. Osotimehin, W. F. Muna, and R.
S. Cooper, “Abdominal adiposity in six populations of West African descent:
prevalence and population attributable fraction of hypertension,” Obessity
Research, vol. 7, no. 5, pp. 453-462, Sep. 1999.

I. S. Okosun, T. E. Prewitt, and R. S. Cooper, “Abdominal obesity in the United
States: prevalence and attributable risk of hypertension,” Journal of Human
Hypertension, vol. 13, no. 7, pp. 425-430, Jul. 1999.

I. S. Okosun, T. E. Prewitt, Y. Liao, and R. S. Cooper, “Association of waist
circumference with ApoB to ApoAl ratio in black and white Americans,”
International Journal of Obesity, vol. 23, no. 5, pp. 498-504, May. 1999.

R. T. de Jongh, E. H. Serne, I. J. RG, G. de Vries, and C. D. Stehouwer,
“Impaired microvascular function in obesity: implications for obesity-associated
microangiopathy, hypertension, and insulin resistance,” Circulation, vol. 109, no.
21, pp. 2529-35, Jun. 2004.

H. Loffler, J. U. Aramaki, and I. Effendy, “The influence of body mass index on
skin susceptibility to sodium lauryl sulphate,” Skin Research and Technology, vol.
8,no. 1, pp. 19-22, Feb. 2002.

L. C. Chin, T. Y. Huang, C. L. Yu, C. H. Wu, C. C. Hsu, and H. S. Yu, “Increased
cutaneous blood flow but impaired post-ischemic response of nutritional flow in

obese children,” Atherosclerosis, vol. 146, no. 1, pp. 179-85, Sep. 1999.
196



[11]

[12]

[13]

[14]

P. Valensi, O. Smagghue, J. Paries, P. Velayoudon, B. Lormeau, and J. R. Attali,
“Impairment of skin vasoconstrictive response to sympathetic activation in obese
patients: influence of rheological disorders,” Metabolism, vol. 49, no. 5, pp. 600-
606, May. 2000.

A. Kavounoudias, R. Roll, and J. P. Roll, “Foot sole and ankle muscle inputs
contribute jointly to human erect posture regulation,” Journal of Physiology, vol.
532, no. Pt 3, pp. 869-878, May. 2001.

B. C. Lee, J. Lee, J. Cha, C. Seo, and J. Ryu, “Immersive live sports experience
with vibrotactile sensation,” in Conf. Proc. on Human-Computer Interaction,
Rome, Italy, 2005, pp. 1042-1045.

B. C. Lee, H. Park, J. Lee, and J. Ryu, “Tactile visualization with mobile AR on a
handheld device,” in Conf. Proc. on the 2nd Int. Conf. on haptic and audio
interaction design, Seoul, South Korea, 2007, pp. 11-21.

F. Sergi, D. Accoto, D. Campolo, and E. Guglielmelli, “Forearm orientation
guidance with a vibrotactile feedback bracelet: On the directionality of tactile
motor communication,” in Biomedical Robotics and Biomechatronics, 2008.
BioRob 2008. 2nd IEEE RAS & EMBS International Conference on, Scottsdale,
AZ, USA, 2008, pp. 433-438.

J. van der Linden, E. Schoonderwaldt, and J. Bird, “Towards a real-time system
for teaching novices correct violin bowing technique,” in Haptic Audio visual
Environments and Games, 2009. HAVE 2009. IEEE International Workshop on,

Lecco, Italy, 2009, pp. 81-86.

197



[15]

[16]

[18]

[19]

[20]

[21]

[22]

A. D. Kuo, “An optimal control model of human balance: can it provide
theoretical insight to neural control of movement?,” in Proc. of the American
Control Conference, 1997. , Albuquerque, NM, USA, Jun., 1997, pp. 2856-2860.
K. Barin, “Evaluation of a generalized model of human postural dynamics and
control in the sagittal plane,” Biological Cybernetics vol. 61, no. 1, pp. 37-50,
1989.

S. Park, F. B. Horak, and A. D. Kuo, “Postural feedback responses scale with
biomechanical constraints in human standing,” Experimental Brain Research, vol.
154, no. 4, pp. 417-427, Feb. 2004.

D. A. Winter, “Human balance and posture control during standing and walking,”
Gait & Posture, vol. 3, no. 4, pp. 193-214, Dec. 1995.

K. M. Newell, “Motor skill acquisition,” Annual Review of Psychology, vol. 42,
pp. 213-237, Jan. 1991.

P. Kapur, M. Jensen, L. J. Buxbaum, S. A. Jax, and K. J. Kuchenbecker,
“Spatially distributed tactile feedback for kinesthetic motion guidance,” in /EEE
Haptics Symposium, Waltham, MA, USA, 2010, pp. 519-526.

J. Lieberman and C. Breazeal, “Development of a wearable vibrotactile feedback
suit for accelerated human motor learning,” in Conf. Proc. IEEE Int. Conf.
Robotics and Automation (ICRA’ 09), Kobe, Japan, Oct., 2007, pp. 4001-4006.

A. Nakamura, S. Tabata, T. Ueda, S. Kiyofuji, and Y. Kuno, “Multimodal
presentation method for a dance training system,” presented at the CHI '05
extended abstracts on Human factors in computing systems, Portland, OR, USA,

2005.
198



[23] A. U. Alahakone and S. M. N. A. Senanayake, “A Real-Time System With
Assistive Feedback for Postural Control in Rehabilitation,” IEEE/ASME

Transactions on Mechatronics, vol. 15, no. 2, pp. 226-233, Apr. 2010.

199



APPENDICES

200



Appendix A: Publications

A.1. Peer-reviewed journal papers

= Beom-Chan Lee, Shu Chen, and Kathleen H. Sienko, “A wearable device for real-time
motion error detection and vibrotactile instructional cuing”, IEEE Transactions on
Neural System and Rehabilitation Engineering, Vol. 19, No. 4, pp. 374-381, 2011.
= Beom-Chan Lee, Jeonghee Kim, Shu Chen, and Kathleen H. Sienko, “Cell phone

based balance trainer”, Journal of NeuroEngineering and Rehabilitation, in press.

A.2. Abstracts published in peer-reviewed journals

= Beom-Chan Lee, Kelli Bechly, and Kathleen H. Sienko, “Cell phone based vibrotactile
feedback system for home-based vestibular rehabilitation balance training”,
Journal of Vestibular Research, Vol. 20, No. 3,4, pp. 234-235, 2010.

= Beom-Chan Lee and Kathleen H. Sienko, “Wireless Mimic Device for Rehabilitation
and Training Applications”, Journal of Medical Device, Vol. 3, No. 2, 027526,

2009.

201



= Vivek Vishwas Vichare, Beom-Chan Lee, Wendy Carender, Annamarie Asher, and
Kathleen H. Sienko, “Vibrotactile Balance Rehabilitation Gait Assist Device”,

Journal of Medical Device, Vol. 3, No. 2, 027509, 2009.

A.3. Conference papers

= Beom-Chan Lee, Bernard J. Martin, and Kathleen Helen Sienko, “Postural Post-Effects
in Response to Torso-based Vibrotactile Stimulation”, 39th annual meeting of the
Society for Neuroscience, 2009.

= Beom-Chan Lee and Kathleen H. Sienko, “Balance training via multimodal
biofeedback”, International Conference on Fall Prevention and Protection
(ICFPP’10), pp. 77-80, 2010.

= Beom-Chan Lee and Kathleen H. Sienko, “Effects of attractive versus. repulsive
vibrotactile instructional cues on motion replication tasks”, 33rd Annual
International Conference of the IEEE Engineering in Medicine and Biology
Society (EMBS), pp. 3533-3536, 2011.

» Beom-Chan Lee, Jeonghee Kim, Wendy Carender and Kathleen H. Sienko, “Cell
phone based sensory augmentation for balance training”, Annual Meeting of the
Gait & Clinical Movement Analysis Society (GCMAS), 2012.

= Beom-Chan Lee, Bernard J. Martin, and Kathleen H. Sienko, “Comparison of non-
volitional postural responses induced by two types of torso based vibrotactile

stimulations”, Haptics Symposium, 2012.

202



A.4. Conference or symposium presentations

= Beom-Chan Lee and Kathleen H. Sienko, “Wireless Mimic Device for Rehabilitation
and Training Applications”, Design of Medical Devices Conference, Minneapolis,
MN, April 14-16, 2009.

= Beom-Chan Lee, Bernard J. Martin, and Kathleen Helen Sienko, “Postural Post-Effects
in Response to Torso-based Vibrotactile Stimulation”, 39th annual meeting of the
Society for Neuroscience, Chicago, IL, October 17-21, 2009.

= Beom-Chan Lee and Kathleen H. Sienko, “Balance training via multimodal
biofeedback”, International Conference on Fall Prevention and Protection

(ICFPP’10), Morgantown, WV May 18-20, 2010.

203



Appendix B:  MIMIC Software Architecture and Estimation Algorithm

B.1. Software architecture

To maximize the embedded MCU performance, a component-based software
architecture as shown in Figure B.1 was designed to carefully manage computational
resources, prioritize real-time motion capture and estimation, enable data transmission,
and incorporate saving capabilities. The core software architecture implemented in the
MCU is the same in both the EM and TM. The only difference between the two modules
is the number of data packets communicated to/from peripheral interfaces; the TM
acquires raw linear accelerations and angular velocities from the trainee IMU as well as
estimated tilt data from the EM.

At its center lies the task manager that supervises the remainder of the computational
components. It has a crucial role in stripping away all the functionality deemed
unnecessary for running the application on the MCU. Furthermore, the TM takes charge
of time scheduling so that each sub-computational component has access to sufficient
computational resources. For example, the motion estimation is updated at a rate of 100
Hz from the IMU data set.
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Figure B.1. Component-based software architecture imbedded in the EM and TM.

The data receiver manager allows the MCU to receive acceleration/angular rate data or

information from another module. Since serial data communication through either a
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wired or wireless connection is accomplished with an 8-bit data transceiver process, the
transceiver process between the MCU and the IMU or another module is achieved by
packet communication. Figure B.2 shows the communication packet with data capacities
between the MCU and the IMU (Figure B.2 (a)) and between the MCU of the EM and the

MCU of the TM (Figure B.2 (b)).

(@)

AccX AccY AccZ GyroX GyroY GyroZ
(16 bits) (16 bits) (16 bits) (16 bits) (16 bits) (16 bits)
A A A A A A
\f \ \[ M [

I 1

AccX | AccX | AccY | AccY | AccZ | AccZ |GyroX|GyroX|GyroY |GyroY|GyroZ|GyroZ

H L H L H L H L H L H L Tail

Header

8 bits 8 bits 8 bits 8 bits 8 bits &8 bits 8 bits 8 bits 8 bits 8 bits 8 bits 8 bits 8 bits 8 bits

(b)

Angular position Angular rate
(16bits) (16bits)
r A \r A \
Header ee)qnt QW Hm eawt Tail
H L H L
8 bits 8 bits 8 bits 8 bits 8 bits 8 bits

Figure B.12. Communication data packet. (a) Packet between between the MCU and the
IMU. (b) Packet between between the EM and the TM.

The received data packets are transferred to the receiver buffer and
parsed/decomposed with respect to data types (e.g., 16 bits) in the data parser. Then the
parsed data is converted into actual accelerations and angular velocities based on the

sensitivity of each sensor and resolution of the analog-to-digital (ADC) converter. Actual
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acceleration and angular rate data about each axis are determined by Equations B.1 and

B.2.

Output (V) of accelerometer

a= - : B.1
Max range (V) -+ Sensitivity (g) x Resolution . ®.1)

Output (V) of gyroscopes

_ B.2
Max range (V) =+ Sensitivity(deg/sec) x Resolution , . ®B-2)

where both outputs represent the voltage output of each sensor, sensitivity indicates how
the sensor’s output changes when the measured quantity changes, and resolution indicates
the number of discrete values the ADC can produce over the range of analog values. The
maximum voltage ranges for each sensor are 5 V, the sensitivity of both the tri-axial
accelerometer and gyroscopes are +4 g and +500°s, respectively. In addition, the
resolution of the analog-to-digital (ADC) converter is 12 bits. Raw acceleration and
angular rate information is processed using the motion estimation algorithm to produce

an estimate of body tilt.

B.2. Implementation of Extended Kalman Filter (EKF)

The EKF is commonly referred to as a statistical estimation process using a
deterministic model of a system as shown in Figure B.3, which can filter measurement

data with noise through a successive estimation and correction process [1].
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Extended Kalman Filter
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Figure B.23. Schematic block diagram of the Extended Kalman Filter embedded in the
vibrotactile based balance rehabilitation system.

Tilt estimates in this dissertation are computed using an Euler-angle-based extended

Kalman filter (EKF) [2] with four state variables. Two of the state variables (pitch (6,,,)

and roll ( 6, ) angular positions) are calculated from the output of the tri-axial

accelerometer [3]:

0 =—sin”|-Ex
pitch [”g 5 J

(B.3)
0 —sin'|l &
roll 1 (“g”2 C()S(gl_;itch)\J

where ||g||2is the magnitude of gravity (g = [g: g g-]) and the subscripts indicate the

Euclidean norms. The remaining two state variables (roll and pitch angular velocities) are
directly acquired from the gyroscopes. The system and measurement models used within

the EKF are expressed by
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Xis1 = FeXy + Wy

B.4
Yi = HiX + vy £

where X,,, and X, denote the state vector at times k+1 and k and Y, denotes the

measurement vector at time k. F and H, denote the coefficients at time Kk which
determine the characteristics of the system model and measurement model respectively.
System noise and measurement noise are respectively denoted by W, and V, at time K.

Based on a first-order linear state transition model and a non-linear measurement model,

the system model can be expressed as follows in order to determine trunk motion:

Xk+1 1 At Xk Wl(k)

= +
Xea ] L0 1][% ] [w,(K) (B

where W, , and W,, are the angular position noise and angular velocity noise,

respectively, at time K. The noise is assumed to be a zero mean, uncorrelated random

sequence (W, ~ N(0,Q, ), Q, represents the process noise covariance ).

The measurement model of the system can be represented by

Y = He X +v =[1 11X, + vy (B.6)
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where V|, is noise that is generated due to uncertainties in the measured angular position

and angular velocity. The noise is assumed to be a zero mean, uncorrelated random

sequence (v, ~ N(0,R,),R, represents the measurement noise covariance). Note that
both Q, and R, are assumed to be constant and part of the recursive updating procedure

of EKF [1]. The detailed computational processes are explained in [1].
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Appendix C: Software and Hardware Considerations for Future MIMIC and Cell
Phone System Configurations

C.1. PWM waveform generation

/4 1
D =—x100% Tr=—
T F
D : Duty cycle T : Waveform period
W : Pulse width F : Frequncy
W seesssss

Figure C.1. PWM signal.

In general, a microcontroller unit (MCU) has a limited number of (Pulse Width
Modulation) PWM ports, e.g., two PWM ports in the ATMEL ATmega 128. Thus, a
PWM (pulse width modulation) waveform generation algorithm using general digital I/O

ports is necessary to support more than three vibrotactile units (i.e., tactors). This
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appendix describes the PWM waveform generation algorithm to enable tactors to
generate variable intensities.

The PWM waveform is used for generating magnitude and frequency similar to the
control of a DC motor, as shown in Figure A.l1. The term ‘duty cycle’ describes the
proportion of ‘on’ time to the regular interval or ‘period’ of time; a low duty cycle
corresponds to low power, because the power is off for more than 50% of the time. Duty
cycle is expressed in percent, 100% being fully on. The MCU, ATmega 128 for example,
supports two of the 16-bit timer/counter units that allow accurate program execution
timing, wave generation, and signal timing measurement. There are different types of
PWM generating modes such as fast, phase correct as well as phase and frequency
correct PWM modes. Among the three modes, fast PWM mode was used, because it
provides a high frequency PWM waveform generation option. The fast PWM differs
from the other PWM options by its single-slope operation. The TCNTn has 16-bit
registers and its value can determine the PWM frequency. The PWM waveform is
generated in the timer interrupt routine, the PWM frequency, fgesired, for the output can be

calculated by

f‘system

fesire =
dostred N x Count

(C.1)

Where the fsysem represents the system frequency up to 16 MHz (i.e., clock frequency
supported by the ATmega 128) and the N stands for the prescaler divider (1, 8, 64, 256,
or 1024). Count represents the count number.
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The actual calculated timer/count bottom value (2'°- Count) is calculated by equation
C.1 and written to the TCNTn register. The counter counts from the bottom value to top
value (2'%) then restarts from bottom value. Enablement of timer interrupt routine is set
by overflow of the counter. For example, if the prescaler divider, the system frequency,
and desired frequency are 64, 16 MHz, and 200 Hz (e.g., Sms, W from Figure C.1),
respectively, then the resulting count number is 1250. According to count number, the
bottom value (2'°-1250) is written to the TCNTn register. Consequently, a 100 Hz (i.c.,
Ims) with 50% duty cycle waveform output (T from Figure C.1) can be achieved.

The duty ratio of the PWM waveform is decided by changing the bottom value of the

timer/count resister. The bottom value can be calculated by

Sstem  Duty

V s il
fa’esire 1 OO

bottom

=2 —( ) (C.2)

By setting the bottom value, the PWM waveform is generated with the desired frequency
(i.e., F=1/T) in the digital I/O ports, which can be used for the generation of vibration
using the coin-style tactor, which is actuated as a function of the DC voltage input. In
addition, the strength of the tactor’s vibration can be changed by the duty cycle (the
proportion of ‘on’ time) since the tactor’s rotation speed is determined by the proportion

of ‘on’ time.
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C.2. MCU Benchmarks

ATmegal28

LPC2141

P1C24H64GP206

Arm7TDMI

Image

CPU
Performance
Flash Rom
RAM
1/0O port
Serial Port
PWM
Input Voltage
Compiler

Size (mm)

8bit ATmegal28L

8MIPS at 8Mhz
128kB
4kB
48Ports
2UARTS
2 channels

2.7V~5.5V

AVR studio,
WinAVR

36x38

16bit ARM7TDMI
17MIPS at 25MHz
32kB
8kB
44Ports
2UARTS
2 channels
5V
IAR, LPC compiler

47x47

8bit PIC24H

40MIPS at 32kHz

64kB

8kB

53Ports

2UARTS

2 channels

3.3V

CCsC

14x14

32bit HMS39C7092
1.1MIPS at IMHz
192kB
4kB
11Ports
2UARTS
2 channels
3V
QUICK WRITER

85x85
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C.3.IMU Benchmarks

Vn-100

CHR-UM6

CHR-6d

Gyro Cube3

6DOF v4

Image

Angular
resolution
(deg)
Acceleration
range

(9)

Gyro range
(deg/sec)

Magnetomet
er range
(Gauss)

Output mode

Output
interface

Acquisition
rate

Size (mm)
Power
consumption
(mW)

Price ($)

0.05

+6

+500

+6
Yaw, Pitch,
Roll
Acceleration,
angular rate,
magnetic field

TTL UART

200 Hz

22x24x3

325
(65MA@5V)

500

0.01

+2

+2000

+4
Yaw, Pitch,
Roll
Acceleration,
angular rate,
magnetic field

TTL UART

500 Hz

27.9x35.6x12.7

260
(52mA@5V)

299

0.01

+3

+400

N/A

Pitch, Roll
Acceleration,
angular rate

TTL UART

300 Hz

20.3x17.8x2.5

180
(50mA@3.6V)

125

N/A

+10

+200

+6

Acceleration,
angular rate,
temperature

Analog output

40 Hz

30.5x31.8x15.2

135
Q7TmA@5V)

570

N/A

+6

+500

+6

Acceleration,
angular rate,
magnetic field

TTL UART,
Bluetooth

300 Hz

480x400x130

350
(70mA@5V)

350
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