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ABSTRACT

A device for stimulating mechanosensory nerve endings can include: a housing having an
internal chamber and first and second openings; a membrane covering the first opening of
housing, said membrane being sufficient flexibility to vibrate upoh receiving vibratory
stimulation from a vibratory mechanism; and a coupling mechanism at the second opening
configured for being fluidly coupled to the vibratory mechanism, wherein the entire device
consists of magnetically unresponsive materials. The housing can be cylindrical, or any
polygon shape. The membrane can be integrated with the housing or coupled thereto, such as

with adhesive. Optionally, the membrane can be removably coupled to the housing.
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DEVICE, SYSTEM, AND METHOD FOR MECHANOSENSORY NERVE ENDING
STIMULATION

CROSS-REFERENCE TO RELATED APPLICATIONS

This patent application claims the benefit of U.S. provisional application 61/237,211,
filed August 26, 2009, which provisional application is incorporated herein by specific
reference 1n its entirety. ‘

This mnvention was made with government support under NIH R01 DC003311, NIH
P30 HDO02528, AND NIH P30 DC005803 awarded by the National Institute of Health. The
government has certain rights in the invention.

BACKGROUND OF THE INVENTION

Adaptation 1s a dynamic process reflected by a decrease in neuronal sensitivity due to
repeated sensory stimulation, which can span a wide range of temporal scales ranging from
milliseconds to lifetime of an organism. Attenuation of sensory responses due to adaptation
IS a common mechanism in sensory systems (visual, auditory, olfactory and somatosensory),
which 15 stimulus specific (since it depends on factors like stimulus strength and frequency),
and generally more pronounced at cortical rather than subcortical levels (Chung et al., 2002).
Since sensory systems have a distinct number of outputs to represent a wide range of
environmental stimuli, adaptation is considered essential to dynamically reassign the limited
set of outputs to encode varying ranges of stimuli. As such, devices and systems for
implementing studies to monitory adaptation in sensory systems have been researched and
developed.

The delivery of electrical currents through the skin to activate sensory nerve terminals
was studied, but electrical currents are an unnatural form of stimulation, and may bypass
peripheral mechanoreceptors while activating fibers from deep and superficial receptors
(Willhis & Coggeshall, 1991). This approach to stimulation potentially results in an altered
pattern of afferent recruitment due to differences in the electrical impedance of nerve fibers
based on spectra, and collateral activation of efferent nerve fibers proximal to the stimulus
site. Moreover, 1f biomagnetic techniques such as magnetoencephalography scanning

(MEG) are used to study the cortical response adaptation, electrical stimulation presents a
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source of interference in the neuromagnetic recordings. Also, piezoelectric transducers to
provide vibratory stimulation were studied, and have an excellent frequency response.
However, the piezeoelectric transducers have limited displacement amplitudes, and require
large source currents to operate the piezoelectric crystal. Proximity of these transducers to
the MEG sensor array produces substantial electrical interference. Disk vibrators (Kawahira
et al., 2004; Shirahashi et al., 2007) can provide vibratory stimulation, but operate at a single
frequency and are incompatible with MRI and MEG due to multiple noise sources (electric,
magnetic, acoustic). Recently, pneumatic manifolds were used to generate tactile stimuli
using air-puffs (Huang et al., 2007) and Von Frey filaments (Dresel et al., 2008) in the MRI
scanner. However, the time required to instrument the participant can limit protocol
application, and the movement of face or limbs during a stimulation session may alter the site
of stimulation.

Therefore there is a continued need for improved devices and systems for
implementing studies to monitory adaptation in sensory systems have been researched and
developed

BRIEF SUMMARY OF THE INVENTION

In one embodiment, a device for stimulating mechanosensory nerve endings can
include: a housing having an internal chamber and first and second openings; a membrane
covering the first opening of housing, said membrane being sufficient flexibility to vibrate
upon receiving vibratory stimulation from a vibratory mechanism; and a coupling mechanism
at the second opening configured for being fluidly coupled to the vibratory mechanism,
wherein the entire device consists of magnetically unresponsive materials. The housing can
be cylindrical, or any polygon shape. The membrane can be integrated with the housing or
coupled thereto, such as with adhesive. Optionally, the membrane can be removably coupled
to the housing.

In one embodiment, the device can include a lid having an aperture therethrough.
The lid can be configured to couple the membrane to the housing. The lid and housing can
include corresponding fasteners so that the lid can fasten to the housing. The corresponding
fasteners can include one or more of the following: a snap coupling, a tongue and groove,

corresponding threads, adhesive, or a clip.
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In one embodiment, the coupling mechanism for receiving the vibratory stimulation
can include a fluid coupling mechanism that fluidly couples the internal chamber to the
vibratory mechanism. For example, the coupling mechanism can include a luer lock.
Optionally, the coupling mechanism can be located in a wall of the housing. In another
option, the coupling mechanism can be located opposite of the membrane with respect to the
internal chamber.

In one embodiment, the device can include a tube coupled to the coupling mechanism
and capable of being coupled to the vibratory mechanism. The tube can have a length
sufficient to extend out of a magnetic field of an MRI or MEG so that an opposite end of the
tube is capable of being coupled to a component having magnetically responsive
components, and where the magnetically responsive components do not react to the magnetic
field.

In one embodiment, the membrane has a cross-sectional profile corresponding to a
cross-sectional profile of the housing. In one aspect, the membrane is flexibly resilient
and/or elastic. In one aspect, the membrane is less than about 0.5 mm thick. In another
aspect, the membrane is less than about 0.127 mm or about 0.0005 inches. The thickness of
the membrane can vary greatly. The membrane is configured to vibrate sufficiently to
activate cutaneous mechanoreceptors which then convey neural impulses along primary
somatosensory pathways and are encoded in the brain. . The membrane can have a positive
vibration displacement of at least 1 mm. Preferably, the vibration displacement 1s at least
about 4 mm.

In one embodiment, the present invention can include a system for stimulating
mechanosensory nerve endings. Such a system can include: a device as described herein; a
vibratory mechanism configured for being fluidly coupled with the coupling mechanism of
the device; and a magnetically unresponsive tube configured to fluidly couple the device to
the vibratory mechanism.

In one embodiment, the vibratory mechanism is configured to oscillate fluid into
and/or from the chamber so as to vibrate the membrane or to cause pressure changes 1n the

fluid. Optionally, the vibratory mechanism can include a servo motor. In one aspect, the
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vibratory mechanism is fluidly coupled with the magnetically unresponsive tube which 1s
fluidly coupled to the coupling mechanism.

In one embodiment, the system can include a computing system capable of being
operably coupled with the vibratory mechanism. In one aspect, the computing system 18
operably coupled with the vibratory mechamsm.

In onc embodiment, the system includes an MRI system.

In one embodiment, the system includes a MEG system.

In one embodiment, the present invention can include a method for stimulating
mechanosensory nerve endings. Such a method can include: providing a device or system as
described herein; placing the membrane on skin of a subject; and oscillating the membrane
on the skin.

In one embodiment, the mechanosensory nerve endings are stimulated in an MRI.

In one embodiment, the mechanosensory nerve endings are stimulated in an MEG.

In one embodiment, the mechanosensory nerve endings are stimulated as part of
physical therapy.

In one embodiment, the simulation is for motor rehabilitation in patients with
developmental sensorimotor disorders or injury.

During any of the testing, the method can include monitoring the brain of the subjcct
during the nerve ending stimulation.

These and other embodiments and features of the present invention will become more
fully apparent from the following description and appended claims, or may be learned by the
practice of the invention as set forth hereinatter.

BRIEF DESCRIPTION OF THE DRAWINGS

To further clarify the above and other advantages and features of the present
invention, a more particular description of the invention will be rendered by reference to
specific embodiments thereof which are illustrated in the appended drawings. It 1s
appreciated that these drawings depict only illustrated embodiments of the invention and are
therefore not to be considered limiting of its scope. The invention will be descnbed and
explained with additional specificity and detail through the use of the accompanying

drawings in which:
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Figures 1A-1B include brain MRI images (Figure 1A panels A and B) and the tactile
stimulation response to frequency (Figure 1B panels A-F). These figures show source
reconstruction results for one subject. Dipoles are localized bilaterally in response to lip
stimulation (Figure 1A panel A), and contralaterally for right hand stimulation (Figure 1A
panel B). Dipoles locations and orientations are shown in orthogonal (axial and coronal)
MRI slices. The S1 dipole strength across time is illustrated for cach stimulation rate in the
panels on the right (Figure 1B panels A-F)

Figures 2A-2B include graphs that illustrate a comparison of primary somatosensory
cortex (S1) peak dipole strengths at 2, 4, and 8 Hz for lip and hand stimulation.

Figures 3A-3C include graphs that illustrate a comparison of S1 peak dipole strength
latency for lip and hand stimulation at 2 (Figure 3A), 4 (Figure 3B), and 8 Hz (Figure 3C).

Figures 4A-4B illustrate an embodiment of a TAC-Cell device showing a
polyethylene cylinder, 0.005” thick silicone membrane, and Luer tube fitting which links the
cell to the servo-controlled pneumatic pump.

Figure 5 includes a schematic diagram of the TAC-Cell stimulus control system.

Figure 6 includes a graph that illustrates sample stimulus voltage pulse and the
corresponding TAC-Cell displacement response. The mechanical response time (MRT) of
the TAC-Cell 1s 17 ms.

Figure 7 1s an 1mage illustrating a TAC-Cell device secured on the midline of the
upper and lower lip vermilion using double-adhesive tape prior to the MEG recording
session. The TAC-Cell device can also be secured on other body portions, such as on the
glabrous surface of the right hand (index and middle digits), and the oral angle on the face.

Figure 8 illustrates patterned stimulus trains used as input to the TAC-Cell pneumatic
servo controller for MEG sessions. 125 pulse trains at 2, 4, and 8 Hz were applied in
scparatc runs to the glabrous skin of the hand and lower face. Each pulse train consists of six
50 ms pulses regardless of train rate.

Figures 9A-9C include graphs that show the TAC-Cell displacement in millimeters

versus time 1n seconds for 2 Hz, 4 Hz, and & Hz.
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Figure 10 includes a graph that shows the facial stimulation at 2 Hz, 4 Hz, and 8 Hz
and the corresponding decrease in the mean global field potential cortical MEG response
which shows adaptation to the stimulation.

DETAILED DESCRIPTION

Generally, the present invention relates to the use of the relatively high temporal
resolution of the MEG technique with skin stimulating vibration in milliseconds to compare
and characterize the short-term adaptation patterns of the nervous system (€.g., using human
hand and lip stimulating vibration) primary somatosensory cortex S1 in response to trains of
synthesized pneumatic cutaneous stimuli provided by the skin stimulating vibrations. The
spatial resolution of MEG has proved sufficient to map the S1 representation of the human
body including the lips, tongue, fingers, and hand, but can be used on other body part as well.
Although previous studies have shown that a vibrotactile adaptation mechanism exists in
both hand and face, little is known about the short-term adaptation mechanisms of ¢ither
hand or face S1 to repeated punctate mechanical stimuli in humans. The stimulating
vibration can be induced using a MRIUMEG compatible tactile stimulator cell (TAC-Cell). It
is thought that repetitive cutaneous vibration stimuli can result in frequency-dependent
patterns of short-term adaptation manifested in the evoked neuromagnetic S1 responses. It 1S
also thought that there may be a significant difference between spatiotemporal characteristics
of the adaptation patterns of the face and hand because of fundamental difierences 1n
mechanoreceptor innervations and function in motor behavior.

The TAC-Cell device can non-invasively deliver patterned cutaneous stimulation to
the face and hand in order to study the neuromagnetic response adaptation patterns within the
primary somatosensory cortex (S1). Individual TAC-Cells can be positioned on any

cutaneous body surface, such as the glabrous surface of the right hand, and midline of the

upper and lower lip vermilion as described herein. A 151-channcl mag ctoencephalography
(MEG) scanner can be used to record the cortical response to tactile stimulus provided by the
TAC-Cell, which consisted of a repeating 6-pulse train delivered at three different
frequencies through the active membrane surface of the TAC-Cell. The evoked activity 1n
S1 (contralateral for hand stimulation, and bilateral for lip stimulation) can be characterized

from the best-fit dipoles of the earliest prominent response component. The S1 responses
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manifested significant modulation and adaptation as a function of the frequency of the
punctate pneumatic stimulus trains and stimulus site (glabrous lip versus glabrous hand).

The TAC-Cell can be useful for activating the human somatosensory brain pathways
using punctate, scalable stimuli in the MRI/MEG scanner environment. The TAC-Cell is
non-nvasive and efficient at nerve stimulation applications.

Accordingly, the present invention includes devices, systems, and method of using
the TAC-Cell to stimulate mechanosensory nerve endings in the skin of the face and hand.
The device 1s prepared from non-magnetic responsive materials (e.g., materials that do not
respond to magnetic fields, such as non-ferromagnetic, non-antiferromagnetic, non-
ferrimagnetic, non-diamagnetic, or other similar materials). Such stimulation can be used in
brain imaging instruments, such as magnetic resonance imaging (MRI) and
magnetoencephalography (MEG) brain scanners. During use, the device stimulates nerves,
which then allows imaging of the brain response during peripheral nerve stimulation.

The device can include a container with one open end that is fitted with a micro
membrane over the opening and having a cap with an aperture that fits over the membrane
and fastens to the cylinder. The container also has another opening with a fitting to receive
fluid ( e.g., hydraulic liquid or pneumatic gas, such as air) into and out from the chamber
within the container, where the change in pressure in response to movement of pressure
causes the micro membrane to vibrate similar to a drum. The opening and fitting can be
configured to connect to a pressure source that can supply a fluid, such as air or the like, to
cause the vibration by rapidly oscillating the fluid into and out from the chamber. The TAC-
Cell can be used as a neurotherapeutic intervention device has considerable potential in adult
and pediatric movement disorders. The TAC-Cell can have other configurations to provide
the vibratory stimulation as described herein, and operate so as to be compatible with MRI
and/or MEG.

The TAC-Cell can be used to stimulate mechanosensory nerve endings in the skin of
the face and hand or other body parts for brain imaging and potential motor rehabilitation
applications in humans. The TAC-Cell can be used in a clinical research setting for motor
rchabilitation in patients with (1) developmental sensorimotor disorders, and (2) adults who

have sustained cerebral vascular stroke. Other uses of TAC-Cell are also contemplated, such
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as in physical therapy, monitoring brain activity during a brain scan, or combined with
electroencephalography.

The TAC-Cell can be configured as a small-bore pneumatic actuator that has a
membrane configured to vibrate in response to pneumatic changes provided from a
pneumatic device. The TAC-Cell can be configured to be MRI/MEG compatible, non-
invasive and suitable for both adults and children, with and without neurologic insult/disease.
In one example, the TAC-Cell can be prepared from a cylindrical (e.g., 19.3 mm diameter)
chamber prepared from a material that is not magnetically responsive (¢.g., a polyethylene
vial), and includes a vibratory membrane (e.g., 0.005” silicone membrane sheet) attached to
an opening of the cylindrical chamber such that the vibratory membrane can vibrate in
response to fluid pressure changes within the cylindﬁcal chamber. For example, the vibratory
membrane can be placed between the lip of the cylindrical chamber and a retaining ring.
However, other coupling configurations can be used to couple the vibratory membrane to the
cylindrical chamber, such as by adhering the membrane to the chamber. These size
parameters can be varied to a diameter (or cross-sectional dimension of the sheet) at about
0.5 mm, 1 mm, 1.5 mm, 2 mm, 3 mm, 5 mm, or even larger up to 2 cm, 5 cm, and possibly
even bigger. Also, the materials of the TAC-Cell chamber and/or membrane can vary as
long as being magnetically unresponsive. That is, the materials of TAC-Cell are not
magnetically responsive. As such, the chamber can be prepared from various polymers and
ceramics, where the membrane 1s prepared from polymers and some rubbers. The variation
of the materials while maintamming the magnetically unresponsive characteristic can be
achieved with a myriad of materials.

The TAC-Cell can be included in a TAC-Cell system that includes other components,
such as a pneumatic device that provides the vibratory fluid that vibrates the membrane.
Also, the TAC-Cell system can include an MRI and/or MEG or other scanner. An example
includes a 151-channel CTF MEG scanner that i1s configured to record the cortical
neuromagnetic response to a pneumatic tactile stimulus produced by the TAC-Cell. The
pneumatic device can be configured to provide the TAC-Cell with a vibratory stimulus that

includes a repeating 6-pulse train (50-ms pulse width, intertrain interval = 5 s, 125 reps/train
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rate, train rates [2, 4, & 8 Hz, see Figure 8]); however, other variations and patterns of
pneumatic tactile stimulation can be performed.

The TAC-Cell device/system can also include a fastener that secures the TAC-Cell to
a subject on the skin. An example of such a fastener includes adhesive, strapping, a clamp,
an adhesive collar, a double-adhesive tape collar, or other types of non-ferrous attachment,
such as adhesives, clips, wrappings, bandages, and the like can be used for attachment of the
TAC-Cell to a subject. The fastener can be configured to secure the TAC-Cell at various
locations across the skin, such as on the face, hands, fingers, finger tips, palms, feet, feet
bottoms, arms, legs, torso, or any other location. For example, some skin locations that a
fastener can be configured for holding a TAC-Cell thereto can include: a glabrous surface of
the right hand (index/middle finger), and midline of the upper and lower lip vermillion.

A single TAC-Cell can be attached to any portion of the skin of a subject.
Alternatively, an array of TAC-Cell devices can be attached to one or more portions of skin
of a subject.

Additionally, the present invention can include a multichannel TAC-Cell array (e.g.,
multiple TAC-Cell devices) that can be used to simulate the sensory experiences associated
with apparent motion and direction in the face and hand or other parts of the body. The
TAC-Cell array may include several TAC-Cells placed in a spatial pattern that can be
activated in a sequence (e.g., w/small time delays such as 10 ms from one adjacent TAC-Cell
to another). Alternatively, the placement and activation can be random or predesigned. The
TAC-Cell array can be used as a new form of neurotherapeutic stimulation (intervention) to
induce and accelerate mechanisms of brain plasticity and recovery in patients suffering from
acute cerebrovascular stroke affecting movements of the face (speech, swallowing, gesture)
and hand (manipulation).

The TAC-Cell can be in other variations and embodiments. For example, the TAC-
Cell can have: a ‘dome’ membrane; textured membrane; membrane integrated to the TAC-
Cell body (e.g., without retainer collar);, miniaturization ot the pneumatic servo controllers
and high-speed pneumatic switches (valves) is feasible when available; integrated oscillating
feature to move membrane, such as micro servo or pumps; other various features can be

modified. The TAC-Cell could potentially be driven by the servo electronics.
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Also, the TAC-Cell can be driven by a magnetically responsive pneumatic device,
which is installed distally from the TAC-Cell device and a magnetically unresponsive tube
can fluidly couple the TAC-Cell with the pneumatic device.

The TAC-Cell membrane can be oscillated by pneumatic servo control of a
pneumatic device so as to provide vibratory stimulus generation at the skin. A fluid conduit
prepared from a magnetically unresponsive material can pipe the vibratory fluid to the TAC-
Cell so as to vibrate the membrane. The active ‘pulsating’ surface of the TAC-Cell can be
used to generate a punctate mechanical input to the skin (¢.g., vibration can be 4.25 mm
displacement with 25 ms rise/fall time), where the rise and oscillation can vary depending on
fluid oscillation and the cross-section profile and size of the membrane. However, all of the
dimensional, oscillatory, material or other parameters can be varied within reason.

As shown in Figures 4A-4B, one embodiment of the TAC-Cell device 400 has a
housing 402 with an internal chamber 402a and a membrane 403 over one opening 404 of the
chamber 402a, where the membrane 403 is configured to vibrate in response to a vibratory
mechanism. As shown, an optional annular ring 405 is used to couple the membrane 403 to
the housing 402 so as to cover the opening 404. The TAC-Cell device 400 can include a
neck 406 coupled to the housing 402, and the neck 406 can have an internal lumen 408 that
extends from the chamber 402a to an opening 412. The neck 406 can also have a coupling
component 410 at the opening 412 that can be coupled to a pneumatic device, such as
through a tube. The coupling component 410, for example, can be configured as a luer
fitting.

In one embodiment, the housing 402, membrane 403, ring lid 404 (with aperture 1f
membrane is not integrated with housing), neck 406, and coupling component can be plastic,
polymeric, rubber, silicone, polyethylene, polypropylene, ceramic, or the like as long as not
magnectically responsive.

Figure 5 shows an embodiment of a TAC-Cell system. As shown, the TAC-Cell 1s
fluidly coupled to a servo motor through a pneumatic line. The servo motor can include a
position sensor that is operably coupled to a servo motor controller. Also, the servo motor
controller can receive input from a central processing unit (CPU), such as with a 16 bit

ADC/DAC. Additionally, the servo motor controller can be operably coupled to an amplifier
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11 -

that can amplify the signal from the servo motor controller before being provided to the servo
motor. As such, the TAC-Cell can be controlled and receive fluid pneumatic vibrations from
a remote servo motor through a magnetically unresponsive pneumatic line.

Accordingly, the TAC-Cell 402 can have a fluid coupling between the chamber 402a
that can be connected to an external vibratory mechanism (e.g., servo motor) to generate an
oscillatory action. The servo can be a sophisticated servo system that regulates and generates
the pressure to drive the membrane 403. The servo or other vibratory mechanism can be
located a large distance from the housing 402 and membrane 403 so that there are no metallic
or other magnetically responsive components associated with the housing 402 and membrane
403, which allows for use in brain scanners.

In one embodiment, the housing can be similar to a standard vile, such as a sample
vile one or chemistry vial. The vial lid can be machined so that an opening (aperture) is
formed in the lid, and a membrane (e.g., 5,000th of an inch thick silicone membrane) can
cover the opening of the vial and vibrate through the opening of the cap. The housing can be
configured to include a fluid coupling mechanism, such as a Luer fitting. The fluid coupling
mechanism can be located at the bottom of the housing, or at any other location in the
housing. The fluid coupling (e.g., Luer-loc fitting) can accept a silicon tube or other
magnetically unresponsive tube that is fluidly coupled to the vibratory mechanism at the
other end.

The vibratory mechanism can be computer controlled (e.g., CPU) so that the pressure
inside the TAC-Cell is controlled and very precisely regulated. The vibratory mechanism
can drive the TAC-Cells, a membrane is displaced very rapidly so it bulges up or is sucked
into the cylinder and the 10-90% rise/fall time can be on the scale of 25 ms. Ina 25,000th of
a second the membrane can travel over 3.6 mm or other dimension depending on the
dimension of the membrane, and that produces a very robust stimulus to the surface of the
skin which in turn drives the somatosensory nerves in the skin. ‘

Previously, providing stimulus in an MRI or MEG has been difficult because of the
problems associated with stimulating somatosensory systems in a magnetic environment like
the MRI or the MEG. The magnetically unresponsive TAC-Cell can provide cutaneous or

tactile stimulus without being compromised by a magnetic field. This allows for feeling the
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pressure change on the skin, and allowing a medical professional to be able to see what 1s
happening inside the brain of the subject having the pressure change on their skin. The TAC-
Cell can provide a way to objectively test an entire pathway in the human nervous system
using the two scanner technologies the MRI and MEG. The sensation of the TAC-Cell 1s
like tapping on skin because the stimulus comes on and off so fast. The membrane
stimulator has a good frequency response of up to about 30 Hz. Examples heremn show 2, 4,
and 8 Hz. The TAC-Cell can vibrate the skin surface and activate thousands sensory nerve
terminals in the skin, which sends a nerve volley (signal) through the spinal cord or brain
stem, and then finally to the thalamus and relayed to the somatosensory cortex.

Accordingly, TAC-Cell provides a pneumatic tactile stimulation cell membrane for
somatosensory stimulator that is MRI compatible and MEG compatible, and can be used in
human neuromagnetic cutaneous stimulation. It could also be used with any animal, such as
fish, birds, reptiles, mammals, and the like.

The TAC-Cell could be used for basic neurologic assessment of brain function using
MRI and MEG scanning technologies, specifically to map the integrity of trigemino-thalamo-
cortical (face) and medial lemniscal-thalamo-cortical (hand-forelimb/foot-hind limb)
somatosensory pathways in human brain, and properties of neural adaptation.

The TAC-Cell can be used to study animals using a MEG scanner to map the brain
response to the TAC-Cell vibration stimulation. The TAC-Cell can be used for activation of
the somatosensory pathways in the human brain.

Figure 10 herein shows a servo-controlled stimulus waveform, which serves to drive
the pneumatic pump, which in turn modulates pressure within the TAC-Cell. They are
discrete, quick pulses, which are just a few milliseconds in duration. The waveform 1n the
lower trace shows the brain neuromagnetic response. As shown for face stimulation, the
brain is firing within about 50 ms after cach stimulus pulsc.

The TAC-Cell can stimulate the brain so that it is highly visible stimulation in brain
scans (sce Figure 1A). The TAC-Cell device is useful for diagnostics in mapping out a
lesion, and can be used to determine if a neural signal pathway is interrupted. Also, the
TAC-Cell device can identify whether a patient sustained damage during a stroke. The TAC-
Cell can also be used in the rehabilitation of a damaged brain. As such, the TAC-Cell can be
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used for activating the nervous system, and as therapeutic stimulus to help the brain re-wire
after it’s been injured.

In physical therapy, the TAC-Cell can be used to replace the electrical stimulators.
One shortcoming with electrical stimulators is that it reverses the order in which nerve cells
are recruited. Another shortcoming is that electrical stimulation does not distinguish between
sensory and motor fiber activation. When you introduce electrical current to the skin, the
neurons with the lowest threshold to current stimulation will fire first and may involve a
mixed activation of sensory and/or motor neurons. The TAC-Cell eliminates this problem
and selectively activates mechanoreceptive afferent neurons and does not directly stimulate
motor neurons. Under natural forms of cutaneous stimulation (i.e., touch, pressure, vibration
as opposed to the use of clectrical currents), normal recruitment order and neuron type 8
preserved. The TAC-Cell is particularly well suited to selectively simulate the AP primary
afferents associated with the fast adapting type I (FA I) and type II (FA II), and the slow
adapting (SA T and SA I)sensory nerve fibers found in skin which encode touch, vibration,
texture, and skin stretch. Thus, the TAC-Cell is superior to electrostimulation in these
regards.

The single or TAC-Cell array can be used in all different types of ways for ditferent
stimulation studies. This can include right body studies, left body studies, bilateral
stimulation, and hemispheric lateralization.

In an example of an array, five TAC-Cells can be placed at predetermined locations,
and each TAC-Cell is individually controlled by an individual fluid line. When the TAC-
Cells are arranged in a straight line, and then turning the individual cells on with a time
delay, such as a 10 ms time delay between each TAC-Cell, the brain interprets this
perception as apparent motion or movement This can provide a virtual experience of motion
for the healing brain, and the perception and the experience of motion that will actually help
damaged neurons and cortex re-wire and form connections. This is part of brain plasticity.

The TAC-Cell device can be used for stimulation of either the lip or hand with the
same patterned stimulus, and can be effective to induce short-term adaptation of S1.
Difference in short-term adaptation patterns of the hand and lip may be a function of the

difference in mechanoreceptor typing in cutaneous and subcutaneous regions and also due to
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the difference in facial and limbic musculature. There may also be difference with other
parts of the body. The magnitude of attenuation of S1 response depends on the stimulus
frequency and pulse index with attenuation being most prominent at 8 Hz for both hand and
lip stimulation and less prominent at 2 Hz. The significant difference between the latencies
of peak dipole strengths of hand and lip S1 is attributable to the difterence in axon length and
distance from the mechanosensory nerve terminals in the lip and hand to their central targets
in S1.

The TAC-Cell can be used for basic neurologic assessment of brain function using
MRI and MEG scanning technologies, specifically to map the integrity of trigemino-thalamo-
cortical (face) and dorsal column-medial lemniscal-thalamo-cortical (hand-forelimb/foot-
hindlimb) somatosensory pathways in human brain. Comparison of the sp atiotemporal
adaptation patterns between normal healthy adults and different climcal po pulations such as
children with autism, adults with a traumatic brain injury or a cerebrovascular stroke may
shed new insight on fundamental sensory processes.

For example, repeated tactile stimulation in autistic children resulted 1n
hypersensitivity, and an enhanced but slower adaptation response. A suppressed GABAergic
inhibition mechanism due to the reduction in the proteins utilized for synthesizing GABA 1s
believed to be responsible for these abnormal response characteristics.

Another embodiment can include patterned somatosensory stimulation for motor
rehabilitation using TAC-Cell or TAC-Cell arrays. Sustained somatosensory stimulation can
increase motor cortex excitability and has implications in motor learning and recovery ot
function after a cortical lesion. Thus, in addition to functional mapping of somatosensory
pathways, the TAC-Cell may find application as a new neurotherapeutic intervention device
for the rehabilitation of adult and pediatric movement disorders.

EXPERIMENTAL

Ten healthy females (Mean age = 24.8 years [SD = 2.9]) with no history of
neurological disease participated in this study. The TAC-Cell used 1s a ¢ custom, small-bore
pneumatic actuator based on a 5-ml round vial with a snap-type cap (Cole-Parmer, Part no.

R-08936-00). The polyethylene cap was machined to create an internal lumen with a
diameter of 19.3 mm. A 0.005” silicone membrane (AAA-ACME Rubber Company) was
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held securely between the vial rim and modified snap-type cap. When pneumatically
charged, the active silicone membrane surface of the TAC-Cell generated a peak
displacement of 4.25 mm with a 27 ms rise/fall time (based on 10% to 90% slope intercepts).

A custom non-commutated servo-motor (H2W Technologies, Inc., NCM (08-25-
100-2LB) coupled to a custom Airpel® glass cylinder (Airpot Corporation, 2K4444P series)
operating under position feedback (Biocommunication Electronics, LLC, model 511 servo-
controller) and computer control was used to drive the TAC-Cell with pneumatic pressure
pulses. The computer was equipped with a 16-bit multifunction card (PCI-6052E, National
Instruments). The stimulus control signals were custom programmed with LabVIEW®
software (version 8.0, National Instruments) in our laboratory. These signals served as input
to the servo controller, and were also used to trigger data acquisition by the MEG scanner.
This hardware configuration achieved synchronization between stimulus generation and
MEG data acquisition. A 15-foot silicone tube (0.125” ID, 0.250” OD, 0.063” wall
thickness) was used to conduct the pneumatic stimulus pulse from the servo motor to the
TAC-Cell placed on the participant in the MEG scanner. Mechanical response time (MRT),
defined as the delay between leading edge of the pulse train voltage waveform and the
corresponding TAC-stimulus displacement onset, was constant at 17 ms for all stimulus rates
(Figure 6). The reported peak dipole strength latency values reflect correction for the MRT
of the TAC-Cell.

As shown in Figure 7, double-adhesive tape collars 450 were used to secure separate
TAC-Cells 400 at two skin locations of a subject 460, including the glabrous surface of the
right hand (index/middle finger) (not shown), and midline of the upper and lower lip
vermilion (shown). Placement at each skin site was completed within 1 minute.

Pneumatic servo control was used to produce pulse trains [intertrain interval of 5 s,
125 reps/train rate]. Each pulsc train consisted of 6-monophasic pulses [50-ms pulse width]
(Figure 8). Short-term adaptation of the cortical neuromagnetic response to TAC-Cell
patterned input was assessed using a randomized block design of three pulse train rates,
including 2, 4, and 8 Hz at each skin site. The 2, 4, and 8 Hz stimulus blocks lasted for
approximately 16, 14, and 12 minutes respectively. The order of stimulation frequency and

stimulation site condition was randomized among subjects.
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Figure 7 also shows the subject 460 being analyzed with a whole-head MEG system
440 (CTF Omega) equipped with 151 axial-gradiometer sensors was used to record the
cortical response to the TAC-Cell inputs. A magnetically unresponsive tube 420 is coupled to
the coupling mechanism 410. Localizing coils 430, 436 were placed at 3 positions including
the nasion, and left and right preauricular points to determine the head position with respect
to the sensor coil. Two bipolar electrodes 432 were used to record electrooculograms (EOG),
which were used to identify trials affected by ocular movement artifacts and eye-blinks.
Registration landmarks were placed at the same 3 positions used for positioning the
localizing coils. Following the MEG recording session, TAC-Cells were removed from the
skin sites, and participants were immediately placed inside a MRI scanner in an adjacent
suite to image their brain anatomy.

The MEG data was digitally bandpass filtered between 1.5 Hz and 50 Hz using a
bidirectional 4th order Butterworth filter. Trials corresponding to 1s before and after the
pulse train stimulus were visually inspected for artifacts and those containing movement or
eye-blink artifacts were discarded. The remaining trials for each exp erimental condition
were averaged and the DC was offset using the pre-stimulus period as baseline. Not less than
90 trials per subject in each experimental condition were used in averaging.

CURRY™ (COMPUMEDICS NecuroScan) is a specialized signal processing
software used to analyze the data obtained from MEG recordings. CURRY™ can also be
used to co-register anatomical MRI images with MEG data to map the biomagnetic dipole
sources. Thus, source reconstruction was performed in CURRY™ using a sphenically
symmetric volume conductor model fitted to each individual subject skull segmented from
the MRI data. The source space was defined as a regular grid of points throughout the brain
volume (averaged distance between points was 4 mm). Current density analysis was
performed using Minimum Norm Least Squares (MNLS) applied for the first responscs in
the train (i.c. characterized by the best Signal-to-Noise Ratio (SNR)) to identify the spatial
peaks of activity that correspond to the S1 activity. Location constrained dipole analysis
(with dipole positions set at the spatial maximum retrieved by MNLS) was subsequently used
to estimate the dipole direction and peak strength (LAmm = microampere-millimeter) for the

S1 activity following each pulse in the trains.
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Peak dipole peak strengths and latencies were compared for significant differences
between stimulation site (lip and hand), frequency (2, 4, and 8 Hz), and pulse index within
the trains using a three-way ANOVA. Differences in the corresponding dipole locations in
the left hemisphere for lip and hand stimulation, respectively, were tested for statistical
significance using a one-way ANOVA. SPSS software (version 17, SPSS Inc.) was used for
statistical analysis.

For the digits stimulation, the earliest prominent response component that was

consistently observed across subjects peaked at 74.3 + 6.7 ms following each cutaneous

pulse. For the lips stimulation the earliest component peaked at 50.3 + 5.8 ms across subjects.
For both stimulation sites, these early components were followed by several late components
with different temporal morphologics and spatial patterns of magnetic field.

For the earliest components of the response, the distribution of the evoked magnetic
field across the sensor array was consistent with the presence of a source in the contralateral
S1 for the hand stimulation condition, and bilateral S1 for the lips stimulation. This was
confirmed by results of the source reconstruction, exemplified in Figure 1A. In Figure 1A,
the marked areas indicate the following: 100 (dipole activation of the face representation
the primary somatosensory cortex); 102 (dipole activation of the face representation in the
primary somatosensory cortex); and 104 (dipole activation of the contralateral hand
representation in the primary somatosensory cortex). Dipolar sources were consistently
localized within the hand representation of the left S1 (hand stimulation), and bilaterally
within the face representation of the S1 (lip stimulation).

The mean dipole locations for the lip and hand S1 responses are reported 1n Table 1.
A comparison between the dipole locations in the left hemisphere for lip versus hand
stimulation using a one-way ANOVA on each of the three Cartesian coordinates showed a
significantly different S1 source along all three directions: lateral (p < 0.001), anterior (p =
0.008), and inferior (p < 0.001). The results are in agreement with the somatotopic
organization of the primary somatosensory cortex (Penfield and Rasmussen, 1968), with the
lip S1 represented more towards the base of the postcentral gyrus, i.e. more laterally,

anteriorly, and inferiorly than the hand S1.
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The peak dipole strength was used to quantify the magnitude of cortical response as a
function of stimulation rate and serial position within the trains. Latencies of the SI
responses were determined from the peak dipole strength and corrected for mechanical
response time (MRT). A three-way ANOVA of dipole strength peaks, with factors of
sttmulation site, stimulation frequency, and pulse index within trains of stimuli, showed
statistically significant main effects of frequency (p < 0.001) and pulse index (p < 0.001).
The imteractions between the stimulation site and frequency (p = 0.016), and frequency and
pulse index (p = 0.003) were also statistically significant.

The peak dipole strength of the S1 response (Figure 2A-2B) shows a progressive
attenuation with the serial position of the stimuli in the train. The sharp attenuation of the
neuromagnetic response that was apparent for the 8 Hz stimulation condition prevented us
from analyzing the latencies beyond the 3rd dipole strength peak for both lip and hand
stimulation conditions. The magnitude of the S1 adaptation was slightly greater for the lip
when compared to the hand among the 3 different test frequencies and this may be explained
in part by differences in mechanoreceptor representation and mechanisms of central
integration along lemniscal and thalamocortical systems.

A three-way ANOVA of the S1 peak latencies, with factors of stimulation site,
stimulation frequency, and pulse index of the stimulus in the trains, showed that the main
factor of stimulation site (p < 0.001) was statistically significant. None of the mteractions
were significant in this case. This reveals that TAC-Cell evoked S1 response peak latencies
were significantly different between the hand and lip at all 3 stimulation frequencies (Figure
3A-3C), which 1s consistent with a shorter conduction time of the trigeminal pathway.

The present mmvention may be embodied in other specific forms without departing
from its spirit or essential characteristics. The described embodiments are to be considered
in all respects only as tllustrative and not restrictive. The scope of the invention is, therefore,
indicated by the appended claims rather than by the foregoing description. All changes

which come within the meaning and range of equivalency of the claims are to be embraced

within their scope.

TABLES
Table 1
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- Dipole locations for lip (contralateral and ipsilateral hemispheres), and hand (contralateral

hemisphere) S1 associated with 2, 4, and, 8 Hz TAC-Cell stimulation. Mean + standard
deviations across subjects are expressed in a Cartesian system of coordinates based on
external landmarks on the scalp, with the x-axis going from left to right through pre-auricular

10 points, y-axis from the back of the head to nasion, and z-axis pointing towards the vertex.
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CLAIMS
1. A device for stimulating mechanosensory nerve endings, the device
comprising:
a housing having an internal chamber and first and second openings;
a membrane covering the first opening of housing, said membrane being sufficient
flexibility to vibrate upon receiving vibratory stimulation from a vibratory mechanism; and
a coupling mechanism at the second opening configured for bemg fluidly coupled to

the vibratory mechanism, wherein the entire device consists of magnetically unresponsive

materials.

2. A device as in claim 1, wherein the housing is cylindrical.

3. A device as in one of claims 1-2, wherein the membrane is integrated with the
housing.

4, A device as 1n one of claims 1-3, wherein the membrane 1s removably coupled

to the housing.

3. A device as 1n one of claims 1-4, further comprising a lid having an aperture
therethrough.

6. A device as n claim 5, wherein the lid 1s configured to couple the membrane
to the housing.

7. A device as in one of claims 5-6, wherein the lid and housing include
corresponding fasteners so that the lid can fasten to the housing.

8. A device as in claim 7, wherein the corresponding fasteners are one or more
of the following: a snap coupling, a tongue and groove, corresponding threads, adhesive, or a
clip.

9. A device as in one of claims 1-8, wherein the coupling mechanism for
receiving the vibratory stimulation includes a fluid coupling mechanism that fluidly couples
the internal chamber to the vibratory mechanism.

10. A device as in one of claims 1-9, wherein the coupling mechanism includes a
luer lock.

11. A device as in one of claims 1-10, wherein the coupling mechanism 1s located

in a wall of the housing,
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12. A device as in one of claims 1-11, wherein the coupling mechanism 1s located
opposite of the membrane with respect to the internal chamber.

13. A device as in one of claims 1-12, further comprising a tube coupled to the
coupling mechanism and capable of being coupled to the vibratory mechanism.

14. A device as in claim 13, wherein the tube has a length sufficient to extend out
of a magnetic ficld of an MRI or MEG so that an opposite cnd of the tube 1s capable of being
coupled to a component having magnetically responsive components, and where the
magnetically responsive components do not react to the magnetic field.

15. A device as in one of claims 1-14, wherein the membrane has a cross-
sectional profile corresponding to a cross-sectional profile of the housing.

16. A device as in one of claims 1-15, wherein the membrane 1s flexibly resilient
and/or elastic.

17. A device as in one of claims 1-16, wherein the membrane 1s less than about
0.5 mm thick.

18. A device as in claim 17, wherein the membrane 1s less than about 0.127 mm.

19. A device as in one of claims 1-18, wherein the membrane 1s configured to
vibrate sufficiently so that the stimulation 1s received in the brain.

20. A device as in one of claims 1-19, wherein the membrane has a positive

vibration displacement of at least 1 mm.

21. A device as in claim 20, wherein the vibration displacement 1s at least about 4
mm.

22. A system for stimulating mechanosensory nerve endings, the system
comprising:

a device 1n accordance with any one of claims 1-21;

the vibratory mechanism configured for being fluidly coupled with the coupling
mechanism; and

a magnetically unresponsive tube configured to fluidly couple the device to the

vibratory mechanism.
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23. A system as in claim 22, wherein the vibratory mechanism is configured to
oscillate fluid into and/or from the chamber so as to vibrate the membrane or to cause
pressure changes in the fluid.

24. A system as in one of claims 22-23, wherein the vibratory mechanism
includes a servo motor.

25. A system as in one of claims 22-24, further comprising a computing system
capable of being operably coupled with the vibratory mechanism.

26. A system as in on¢ of claim 22-24, wherein the vibratory mechanism is fluidly
coupled with the magnetically unresponsive tube which is tlutrdly coupled to the coupling
mechanism.

27. A system as in one of claims 25-26, wherein a computing system 18 operably
coupled with the vibratory mechanism.

28. A system as in one of claims 22-27, further comprising an MRI system.

29. A system as in one of claims 22-27, further comprising a MEG system.

30. A method for stimulating mechanosensory nerve endings, the method
cComprising:

providing the device or system as in any on¢ of claims 1-29; and

placing the membrane on skin of a subject; and

oscillating the membrane on the skin.

31. A method as 1 claim 30, wherein the mechanosensory nerve endings are
stimulated 1n an MRI.

32. A method as in claim 30, wherein the mechanosensory nerve endings are
stimulated in an MEG.

33. A method as in claim 30, wherein the mechanosensory nerve endings are
stimulated as part of physical therapy.

34. A method as in claim 30, wherein the simulation is for motor rehabilitation in
patients with developmental sensorimotor disorders or injury.

35. A method as in claim 30, further compnising monitoring the brain of the

subject durmg the nerve ending stimulation.



CA 02771180 2012-02-14

Application number / Numero de demande: M} O Ot{b 7"/'2,

Fioures: 4%

Unscannable items received with this application
(Request original documents in File Prep. Section on the 10" floor)

Documents recu avec cette demande ne pouvant €tre balayes
(Commander les documents originaux dans la section de la preparation
des dossiers au 101eme etage)



CA 02771180 2012-02-14

3/13

g
w

TN TwvYwvw v

“n < 001

pRparaepeapepapaparasew ¥R Y YT YY R Y LT L L L L L L L b*t.o..oo0-!--t“tl.oOlhh-0-0000.OOOIAOOQDQQDOOCOOQOQOOODQQO eha

et
S S
!

SARALARACAGRARASAALERGARARRLTAALSGE\ARLE AAASARAAGEARANRAGAARAMLLEARAAALAL AR NCRATS BALGGASARRRALARAGOARARATARISRANARRLRGRGAGRS

s
o B

\ -
b \\!‘..\‘\‘t‘l\\“‘lll‘\\“\“l‘t&!‘t\“\‘II\\\.\““‘\Q i\\'lI!\‘ﬁ\‘\l\‘.l‘“‘Q‘-‘\ﬁ‘t“‘\“".t\l“\‘\‘.‘ﬁ\‘\\!\“\‘t‘\\‘\\I“\ﬁﬁ\
4 ThEE \\\\\“\‘\\\\\\“\“\‘“\“\“\\“\“\‘l\‘\\i\\‘\\\‘\‘\\'\'\\"“\\\\\\\'\\\\‘1‘\\\\\\\'\\\“i\\\\\‘\“b\\\\“\“5‘\‘\“1““\‘*

Dipole Strength ( Arnm)

W 4 Hz
- 8 H2

e TAARBLLALLRLAPRRGG L bRt ARE RS rlLhAbRASRbAGCALARLERNSA O AL ARSERipghtbuat by panahh AAALALRALALCAA AR G AR GARARRLARAr AR bbb RASR R

0 1 ? 3 & § 6
Fulse index

Fig. 2A

z 6 Ch et e 2l oL L1 ] PV WRATVEABTUTEI TR R ERWER BT TR RN e N o T L S R R a h b a bR B b A b b bl b i e e ] et SN N NN TS B R TR R AN YRR » .

*n < 001

Y TYyyrTyTYT™ YTy Ty v YT rv ad v rrTeYvwTwvTY wvervwe vy g yTwTT T,

1 : Shbtboospbotsbpbahis ebbhrhebs ..O..........“lbﬁblﬁiil."ﬁ‘...i’.....-.....b...'--‘h......

-
a

R ATARLRA LRSI RRAREABTRAARRRICQLES

4

““‘!\“I!\\\!\\QQQ\‘\\\\Il.‘ﬁ“t‘\\I‘l\t\\l"\\\\ﬁ‘l"l‘\5\“\““\.\‘\\““\‘\II\‘\‘\\Q\\*

Phyiy

-.Wm-s-\-.vwsﬁ--vv-.\ﬁ-m~h-mmwwwmww~-mkwvmmwVM-WW~'-W-M-W-W~W

& 2Hz

& {po N I 2 I T I 2 T T R R B L ARl Al d il b PO S II NN TP RO PP PP TRUCLIOOPRERYTITRENSEITERIIRIE prargrapepeeregeaeeepeep Y T TR R Y L LR L LA L AR L AL L LA A A b b A g b gk it
2

- 4 Hz

E AETETEETEE TS FAATER T TR TE R R AR RE R ER LI R R TR RN e \\\\“ﬁ“\'\'\\\“\‘\'I.\\“\“\‘I\\\\\\“\“““\“\\"\‘\\\“\\\\\\\\“‘1\\

- 8 H2

e
— ey )vvv'

p

Dipale Strength { pAmm)

P E T U RN EWOwWFWWw w WS . o PETE R YYwww Fu s

3 t 2 3 4 5 8
Fulse index

Fig. 2B



Latency {ms)

Latency (ms)

Latency (ms)

20

WY 2

CA 02771180 2012-02-14

.50.-'9---..b‘t#.oo..QQQOOQ.O.Q..ocoﬁncni-t..D.Q.Q..QQUUQOQOOQQQCQEQ-.!.0.‘19-.—0-l.o..o...-CQOQQODOOD‘-I--OOOODODGGOOOQOO

L e W

aew bb.ﬁr‘q-.c-b.

AE B s Rt ABRCARBANT TR EAE bt sRr s anbEmbesbaARaann EE BSOS AR RAREARPP i RARER T T R RS RIS T R R T R R LR LR s asdhbd® b sbansn

PRV PwIErrOeReEe

»

'

[

1

2

1 4

4

*

:"‘s“q SRLLKATRALERS AR LARLAAGARATRARE AR CALARLIRAAIEDPEBLLRRLTRET RN A TRARBU IR I A RAL AR EIREYRLLRLAARARR4- Sesnubunatehtfhananr
’

[ |

'

[

]

[ ]

L

*

“n < OO

&
2
+
L
*
’
»
'
h

A - ek A e S A A e PR e R S e e Al A W v ek Ak & AR e . - aae w b OMh—“-.--Hd-uh----"--.lh-------“'”‘ﬂ

- Lip 2 Hz

Eﬁﬁh\%\ﬁ\h%&h%\\\ﬁ\hﬁ%ﬁ%ﬁ\&\\\\\%\\\BVV\GW%\\%%Vﬁ\\HN\\\%\‘Nﬁ*ﬁﬁ5\N\\33V\\\ﬁﬁﬂ%ﬁﬁ%\ﬁ\\\%ﬁh5\\~ﬂ%\\\\-\ﬁ\5\‘\\\\\\\\\\Hhﬂ

2 Hand 2 Hz

souwwbrPanmwvesmmesb®dédean rPEaeseswvehdavreVvoOsgaprn sEeBrvebtwhFreansruwrbbditasgmansveeorwd tepaena Emwrvreodbhswinasanverwbdisyasnww veowhHhosspEmBwwa

s 1 ? 3 4 5 6
uise index

l.‘.tﬁﬁ&‘\lt‘I..‘ﬁ.‘...“.‘.“5‘.‘\’\&.“.‘\0“QQQ‘\Q‘“““Q.Qﬁ‘ﬁ‘.‘\I““.“C.....i“QQ“\“EI‘II“‘ﬁ.ﬁ“l\\“ﬁ‘ﬁi‘ﬁﬁ‘-

90.0..'-.-

w\ﬁﬁﬁﬁﬁﬁﬁﬁﬁ\‘ﬁﬁ‘ﬁﬁﬁﬁﬁ\ﬁ‘\Q\\\‘ﬁQ\ﬁﬁQﬁ\\‘ﬁ\“\*ﬁ‘ﬁﬁﬁ?*ﬁ\“\QW‘\“\\‘\Y\ﬂﬁ1\\\\ﬁﬁ\ﬁ.W\!Q‘\\\Qﬁ\\S‘Q“\Q\\Hﬁﬁ‘ﬂ‘ﬁﬁ.!ﬁﬁﬁﬁﬁ‘ﬁ'

b

:
:
:
E
:
:
%

et resTerYErerwre et e s ya Y rervbwe ve'swna'y s 'y tvdevsnns s avswereryrewrrreverensrunsreorrrv I narassevrrTevrrer e ves ‘mumevwwe

1 3 ¥ I 3 -(

B A o A R A1

- o eSS e -

v
i

gyayERESTwTYY

TR AR LT E R TP R R E T EEEE R A TR RSN T AR R I RN NN N AT HFETEE T AR N E R AR ARE VR RV ER YL RN AT ET IR E LT HFRE TR R TR R AR R T TR R VR TR R AAL R Y RN VR Y

'p < Q01

A Beade an P p—— PO SR o S e B I A e S adh oI e JPRERY Wy S wp—— A

"I S 2rcRIRIER TR AR L AR A A LAl L g i o ok ..."-....'..'.'Q........'..'-........'.".‘..' T T I 22 R D R L L L g ddd L dd b 4

oy e P . . e b g rap - Y PN R PO Al o b afinanie Saddadhaiie
Lan a PR Y Y™ ey vy TTYY T vY v v e ' 3 iy T YT T T YTy WYY YTY Ly ke ol o I 0 v T T vYY v VYY R an o

J§ Hand 4 Hz

\.&\Qtliﬁ\lth“\t.;tt‘\‘“l!B&.\\\\lh".‘\\b\\b\h\l‘B\QQQQ.“GSSQ\S‘\Ol.‘\‘55\\‘55“‘8!‘\“b&!“!ﬁﬁ§§$bl‘\!“&\GG\\\Q“Ii

& 1 2 3 4 5 8
Puise index

Sdouswuawe .-vt'..“’(l.""' 00“’"‘ dute v W

\h&hQ"\\LG‘\\Qﬁ~"h\\&\\\\\\h\\ﬁ&\\\\th\‘\Q‘w&\ﬁ“\&‘\L\\A&Q\\\\h‘K\\\‘\‘\N\ﬁ\\‘&\‘\\\\A\‘N\"U‘\\\\\\K““\ﬁﬁﬁﬁ‘\\Q“ﬁ

-'ﬁ‘....'

r

TASEITETOTRAGRTROSTRTESY PP LA YRV OT I PP PP iBR PP PRt rw s SOt A RVIREASaPIREYRPIRY T T T T A DL P RS DL L LAl L Al i il it i

e " an 4 awTvTYTTTYTYTY -‘v-'v"W

YTy

PR L EREL R R L LR L Ll L

e ws e R v e vass s e e vass'swsenay '-'0'.'ob‘o‘o‘-‘b‘v’qb‘-‘ot‘.‘.‘.'.’o’.b’t’o-v'o't'o'-‘o‘.'u'n'--’-\'-'o'o‘.‘c'-Vv'-'i-‘o‘c‘-‘.‘.‘o.‘v'q'v‘-‘-'o-‘o‘oo‘-‘v’v’v‘-‘to‘o’o’.'-‘o’v‘v'q

»
4
'
]

.(-0'- T Ly 2 X2 1 L L N J

TR FORRCNURORU R SRR SO S SUSS OSSR P S LD D 22 X bl b el Bl d i e er Y e ersrr e ey ves s TR Ve rerevrasreas'ne e voswermyrwasews

'

&

v *

*

']

[}

. [ 3
h

|

+

?

*

’

¥

»
Ls\h\stsvhhsbbhbbbnusc~mh‘hu.\Ly.&ysh-cb&s\b\‘vmnhhtbﬁb\n.nﬁ--u&»thht\h‘w-sbh-ttbtt-“h-hﬁtssmbSVHhh-‘tb\~~~‘-thhhttbl§hi

- Lip 8 HZ

e'ravervaservenswywrsre i e s ey dena’va e Pesmprwnwesssepwer eyt ves e s nnve eeTes s Ep s veRoessna'sayeverssre'yen'a wencerrenvsnureerens

R ¥ Hand 8 H2

. ? 3 4 5 &
Puise ingdex

wwhosw -.r.o."’ > -~

D

Fig. 3B

Fig. 3C



CA 02771180 2012-02-14

5/13

403
N 404
.-

400~

4(2a
S— 402
410" ’
449 @
Fig. 4A
400\
406
402 4(2a

—~ 408

—403



CA 02771180 2012-02-14

6/13
Pneumatic Line
Servo Motor TAC-Cell
CPU With
16 Bit ADC/DAC
| | Serva Motor
Ampiifier Controller

Fig. 3



CA 02771180 2012-02-14

7/13

08¢

9 b4

SpU0SS U] Ot |

GLE 0L¢

50°¢ 08¢

(L) WolsoBisIq IBDOYL e
{A) WSHISDCIASIL] JOIOH] wrovworerm

lllllllllll

---------

STA RN Y

71 7 1V 180-0B 1 O SWi{ 9SU0dSo) |EOIUBYISA

®
s [}

08|

*.I

4|

(L) Justusoe|dsig 1189



460

CA 02771180 2012-02-14

8/13

436

440




8/13

CA 02771180 2012-02-14

g "Bl sl Gz}

|

gpusoes e il SGRE G T wosacs il ZHS

|

i 052
\
g | || ||| < ||} = ZHY
sw gg—"
SW 005
|
ST ~sgaass™| | | || [*wmmer| | | ]| ] PHE

m&%e\\



CA 02771180 2012-02-14

10/13

v6 bl

SPUCIEg W st}
A b4 1k B
$O200 = QR W HZ b = wu@gﬁmmamﬁ Leai 2147 = fouanhaty

St} SA JuSWoRIdSI( #1I80-0VL

ZH ¢

HURL U] JustuaoBidsi( 1eD-OvV L



CA 02771180 2012-02-14

11/13

g6 bl
SPU0ISS U| Bulf

08 Wi iy} g8
ICH0D = (S VY 2 1w [WBa0RIGSI(] ea 2435 = KoUSNDHaLS

Sl SA JUSWIBOBIUSIC 18D-DVL

ZH v

{9

W uf Juetieoeidsiq 110~V L



CA 02771180 2012-02-14

12/13

96 "biy

SPU02aS U] Bl

84 54 Vi G4 i 3G 49

000000 = (S iy §7 v = judtiaoridsi(] veayy 2Hg = Aousnbl4

Bl SA Juswaoeldsig IBD-OVL

M8

P8 ¢

LUt U Justwiaoedsi(] 1e0)-OvYL



4 Hz

8 Hz

CA 02771180 2012-02-14

13/13

L 3 » L |
w ? 4 ¢ ¢ 2 D 3 > ’ a ¥ - . + N
L] 4 n i
. . . s ’ LY L g § 4 [ 4 <+ . [ 4 r
A LY A Y
. v ) ] r v I'd F [ 4 [ ¥ | L% a LS ES w
4 o -+ A
» - a a . - " L | q - r - » ” .
? A N N
(] r & [ b ] » » » - v L8
' - % a
~ . > L3 L) -~ 5 - ) v . - r L L
% » & -
¢ ('Y a a
N 4 o +
N v v v
| wr v L 4
& L L -

v a a ]
[ Q " .
»~ - " L] 4 ~ | . L v v L a [ ’
[ 4 & » [
” 4 N %
~ . & . & L % . 1 v 4 ¢ , * [
o’ »n » »
4 » 2 +
* » ] | 8 - kY = > - [ 4 L L 4 A 4
L - L 3 F

u [ 4 ¢ L 4
L] . L4 =
. - » Bl
- w ® »
L ] [ ] n »

] 1 ® N
[ 4 % . N
* LN 'y LY
L 4 » a~ L}
#® » B L n - - - L] - " P ] * ’ m
] [N a &
4 - a 'y
1 » + +
- [ 4 « L 4

L ] L 3 v »
» <« ) | :
> a' - -

v [ [
» . . . . . « 4 q T P P y ’ .
[ u F »
] aQ " L]
[ 3 L8 L] 4
] L N -
» “ [N . < . - o 9 - [ ’ " » »
¢ “~ a -

MGHP

gleQ jpuuryn pebelisay

Time i Seconds

Fig. 10



	Page 1 - abstract
	Page 2 - abstract
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings

