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(57) Abstract: A mobile-platform imaging device uses compression of the target region to generate an image of an object. A tactile
sensor has an optical waveguide with a flexible, transparent first layer. Light is directed into the waveguide. Light is scattered out of
the first layer when the first layer is deformed. The first layer is deformed by the tactile sensor being pressed against the object, A force
sensor detects a force pressing the tactile sensor against the object and outputs corresponding force information. A first communication
unit receives the force information from the force sensor. A receptacle holds a mobile device with a second communication unit and
an imager that can generate image information using light scattered out of the first layer. The first communication unit communicates
with the second communication unit and the mobile device communicates with an external network.
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MOBILE-PLATFORM COMPRESSION-INDUCED IMAGING FOR
SUBSURFACE AND SURFACE OBJECT CHARACTERIZATION

FIELD OF THE INVENTION

[0001] The invention relates to compression-induced imaging and characterization of
subsurface and surface objects, and especially to a mobile-platform based device and related
method for determining the size and stiffness of a solid target below the surface of a softer
solid medium. The device and method have applications in non-invasively characterizing

tumors within the human or animal body.

BACKGROUND OF THE INVENTION

[0002] Elasticity is one of the properties that are used in identifying malignant tumors.
Unhealthy tissues tend to be stiffer than corresponding healthy tissues (Itoh et al. 2006,
Dargahi 2004, Rivaz 2008, Krouskop 1998, Regini 2010). So, quantifying tissue elasticity
would greatly aid medical practitioners in classifying and identifying unhealthy tissues.
[0003] One researcher has reported detecting 116 cases of malignancy out of 120 cases using
the elasticity score from a sonoclastography (Regini 2010). Even though sonoelastography
shows good results, there are limitations.

[0004] The main limitation of clastography is that tissue compression influences elasticity
score, which may lead to misdiagnosis (Itoh et al. 2006). Moreover, elastography requires a
hospital setting with trained operators, which means that it is not portable, and is expensive
and complicated to operate.

[0005] The Tactile Imaging System (TIS) of the above-mentioned earlier application No.
WO 2012/006431 has a camera, a probe, and a force sensor, and it can be connected to a
laptop computer. However, practical embodiments of that system were somewhat bulky,

relatively expensive and complex. There is therefore still room for improvement.
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SUMMARY OF THE INVENTION

[0006] According to some aspects of the present application there is provided a mobile-
platform imaging device that uses compression of the target region to generate an image of an
object, comprising: a tactile sensor comprising an optical waveguide comprising at least a
first laycr that is flexible and transparent, and at least one light source configured to direct
light into the optical waveguide. The waveguide is configured so that at least some of the
light directed into the optical waveguide is scattered out of the first layer when the first layer
is deformed, and wherein the first layer is deformed by the tactile sensor being pressed
against the object; a rigid frame preferably that holds the waveguide, or the waveguide could
be formed with sufficient rigidity to support the waveguide in use. A force sensor that detects
a force being applied to press the tactile sensor against the object and outputs corresponding
force information. A first communication unit is connected to receive the force information
from the force sensor. A receptacle is provided for holding a mobile device with a second
communication unit and an imager so positioned that the imager can generate image
information using at least some of the light scattered out of the first layer; wherein the first
communication unit is capable of communicating with the second communication unit and
the mobile device is capable of communicating with an external network.

[0007] The mobile-platform imaging device may be combined with a mobile telephone as
the mobile device. The mobile telephone may then be programmed to generate the image
information (i.e., includes the imager) using at least some of the light scattered out of the first
layer, to receive the force information, to synchronize the image information with the force
information, and to transmit the associated information to an external device. The transmitted
information may then further include information selected such as a current date, a current
time, a user ID of a current uscr of the mobilc device, and a target ID of the object.

[0008] The image information may be selected from the group consisting of a single image,
multiple images, and a video image.

[0009] The mobile-platform imaging device may be programmed to exchange a plurality of
messages with the external device, generate a hash from content of the plurality of messages,
and encrypt the image and/or force information using an encryption key determined from the
hash.

[0010] The force sensor may be between the tactile sensor and the receptacle for holding the

mobile device. The mobile-platform imaging device may further comprise a housing, and the
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force sensor may then be between the housing and the receptacle for holding the mobile
device.

[0011] According to some other aspects, there is provided a method of determining the
surface or subsurface size of the object using the above-mentioned mobile-platform imaging
device, comprising: obtaining the image information and corresponding force information at
a plurality of applied forces; and estimating the size of the target using 3D interpolation.
[0012] The obtaining step may comprise obtaining a series of images over a time period
while varying the force and selecting images from a part of the time period over which the
force varies with time more smoothly and/or more linearly than during other parts of the time
period.

[0013] According to some further aspects, there is provided a method for aligning the light
source of the above-mentioned mobile-platform imaging device, comprising applying the
tactile sensor with a preselected force to a known object, processing the image information to
identify an asymmetry of the scattered light, and adjusting the light source, or at least one of
the light sources, to reduce the asymmetry.

[0014] One or more light source illuminating the optical wave guide; the wavelength of light
can vary for different applications or multiple wavelengths of light can be used in a single
embodiment and controlled to provide varying image responses. The optical waveguide is
transparent and flexible with the optical waveguide and camera configured to have a line of
sight to capture deflected light. The light source can have a diffuser to generate uniform light
and/or filters could be added to control the light emission into or out of the waveguide. A
diffuser can be a hollow tube where a light source is placed inside the tube or a white
plastic/paper diffuser material placed between the light source and the waveguide.

[0015] The waveguide may be held in place by a rigid framc, where a clcar transparcnt laycr
could be a part of the frame, such that when the waveguide is pressed against the arca of
interest, the front part or portion of the waveguide facing against that arca of interest will
deform, while the waveguide will have sufficient rigidity to maintain the line of sight
between the waveguide and the camera to permit detection of deflected light and calculation
of the applied force. The rigidity could be provided by the waveguide itself (i.e., the
waveguide shaped/configured to provide stiffness), a glass or plastic plate behind the
waveguide, or the camera lens itself. In one embodiment, there is shown a rectangular
waveguide with a clear rigid backing. If the waveguide is bent to provide sufficient rigidity

as shown in FIG. 3A, then a rigid clear backing layer will not be necessary.
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[0016] According to some other aspects, there is provided a method for detecting a cut or damage to
the waveguide of the mobile-platform imaging device, comprising applying the tactile sensor with a
preselected force to a known object, processing the image information to identify an asymmetry of the
scattered light, and when the asymmetry exceeds a threshold, indicating a cut or damage to the
waveguide.

[0017] According to some further aspects, there is provided a method of determining the softness of
the target of the mobile-platform imaging device, comprising: determining a contact area from the
image information, determining stress value from a contact area of the tactile sensor and the force
information, determining strain of the flexible waveguide from the image information and determined
stress; and determining strain of the inclusion from the strain of the flexible waveguide, the contact
area, and the stress value.

[0018] The step of determining strain of the flexible waveguide may use at least one of a sum of
intensities of pixels of the scattered light and an intensity of a maximum intensity pixel of the scattered
light.

[0019] According to some other aspects, there is provided a method of determining the absolute
elasticity of the target using Compression-induced Imaging System (CIS) information, comprising a
forward modeling approach using finite element method, followed by an inverse modeling approach
with deep brief network.

[0020] According to some further aspects, a method of obtaining a tumor risk index for an object
comprises at least one of: computing the tumor risk index as a weighted sum of a size and a stiffness of
the object; and a machine learning method to determine the risk index using convolution neural
networks.

[0021] According to some other aspects, there is provided a method of communication, comprising, by
a first device, exchanging a plurality of messages with a second device, generating a hash from content
of the plurality of messages, and at least one of: encrypting information using an encryption key
determined from the hash and sending the encrypted information to the second device; and receiving
information from the second device and attempting to decrypt the information using an encryption key
determined from the hash.

[0022] The smartphone platform removes the need for a laptop and a dedicated camera and makes
possible a more compact and portable device. The smartphone attachment can be made with just the
elastomer probe, the light source, and a frame. By leveraging the ubiquitous availability of smartphones
in today’s society, the Compression-Induced Imaging System (CIS) on a mobile platform may be

orders of magnitude more cost-effective than a
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stand-alone Tactile Imaging System. The smartphone already has a processor, a camera, and
a transceiver capable of both short-range (Bluetooth, Wi-Fi) and long-range (cellular)
communication. By making use of those, the cost, weight, and bulk of providing dedicated
devices in the CIS unit are saved.

[0023] The optical waveguide could be automatically moved with a click of a switch towards
the target by a motor (such as a linear actuator or screw drive, or through the use of pulleys or
timing belts). This will allow automatic force application instead of pressing manually. In
one application, the motor drives the optical waveguide toward the target area in a uniform
motion of about 5 to 7 mm in approximately three seconds to obtain the tactile images.
[0024] The optical waveguide could have different shapes, such as semi-spherical, semi-
cylindrical, or rectangular. It is also possible for a waveguide to be bent to provide sufficient
rigidity, for example, the waveguide could be a substantially planar sheet that is then bent
into a semi-cylindrical shape, with the shape imparting stiffness (i.e., structural rigidity) to
the waveguide. The waveguide’s front surface will touch the target area and the back surface
will provide sufficient rigidity to obtain tactile images.

[0025] The images, pressure readings, and meta-data may be sent to the cloud. The
utilization of the cloud as an intermediary “second device” is a highly beneficial step. That
allows us to use the Compression-Induced Imaging System in any location, at any time,
without needing to ensure that a physical recipient computer is available and on-line. The
data can then be retrieved from the cloud for processing at the recipient computer at a later
time.

[0026] In some embodiments, the device includes the elastomer light guide and the light
source in front of a smartphone and a handle and a force sensor on the back, with the
smartphone sliding into a slot between. The forcc is applicd from the back, and the applicd
force, measured by the force sensor, is wirelessly transmitted to the smartphone application.
A microcontroller with Bluetooth capabilities is used to transmit the applied force
information to the smartphone, avoiding the need for a mechanical data connection, and thus
the problem of ensuring that the correct connector is available for a specific smartphone. The
elastomer is positioned so that the smartphone camera is aligned on the center of the
elastomer. Force and image synchronization issues are solved using a smartphone application
(“app”) that both initiates the taking of the tactile image and polls for the applied force
information. Then the applied force information is sent to the app via Bluetooth

communication. Stored images and metadata (user number, case number, tumor location,
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date, time, applied force) are encrypted by the app and wirelessly transmitted to a Cloud
server. Then, a local processing computer will download the data and process the data. The
malignancy score will be computed, and the encrypted score will be sent back to the
smartphone.

[0027] Under ideal conditions, a malignancy score can be computed and returned to the
smartphone in near real time. However, if any of the communication links between the
smartphone and the local processing computer is unavailable, then the data can be held, and
forwarded when the required communication link comes up.

[0028] The “tumor risk index” aggregates all the determined mechanical properties into one
number. This number will be used to judge the probability that the lump being examined is a
malignant tumor.

[0029] The Mobile-platform Compression-induced Imaging System can emulate a human
finger in detecting the mechanical properties (size, shape, stress, strain, mobility, and
clasticity) of an object. The object can be directly touching the probe or indirectly
compressed by the system.

[0030] This application relates to a system that characterizes certain mechanical properties of
objects through applying gentle pressure from an overlying surface. A device that estimates
surface or subsurface target size and softness will be useful in various applications. By basing
that device on a mobile platform, such as a smartphone, the technology is made more readily
accessible. The Compression-induced Imaging System (CIS) allows an operator to quickly
capture the mechanical properties of a compressed object, with the convenience of a mobile
platform.

[0031] The present system is inspired by some of the previously proposed systems, but with
important diffcrences. The present system uscs a dynamical optical sensing mechanism and
not a static electromechanical pressure sensor. This allows us to dynamically image and
estimate mechanical properties more accurately. Furthermore, our system utilizes sensors and
commumnication equipment of a mobile device to reduce the cost and increase accessibility.
[0032] One possible application of the Mobile-platform Compression-induced Imaging
System (CIS) is detection of malignant human tumors. An embodiment of the new mobile
system is therefore geared towards medicine for its potential to aid physicians in prescreening
of tumors and for training in the technique of palpation. The mechanical properties this

system could provide are a valuable resource in the tumor screening process.
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[0032a] In some aspects, the invention provides a mobile-platform imaging device that
uses compression of a target region to generate an image of an object, comprising;:

a tactile sensor comprising an optical waveguide with a front surface arranged for
contacting the target region, the optical waveguide comprising at least a first layer at the front
surface that is flexible and transparent, the tactile sensor further comprising multiple light
sources configured to direct light into the optical waveguide, the optical waveguide configured
to substantially constrain the light within the optical waveguide when the optical waveguide
is not deformed, wherein the optical waveguide is configured so that at least some of the light
directed into the optical waveguide is scattered out of the first layer when the first layer is
deformed, and wherein the first layer is deformed by the tactile sensor being pressed against
the target region, the tactile sensor including a diffuser positioned adjacent to the light sources
for diffusing light from the light sources to cause the light to distribute uniformly within the
optical waveguide;

a support structure for maintaining the optical waveguide in place when force is applied
to the optical waveguide;

a force sensor that detects a force being applied to press the tactile sensor against the
target region and outputs corresponding force information, the force sensor mounted so as to
permit calculation of an applied force in a direction normal to the front surface of the optical
waveguide;

a first communication unit connected to receive the force information from the force
sensor and to associate with the force information a force time when the force information
was captured; and

a receptacle for holding a mobile device having a second communication unit and an
imager so positioned that the imager can generate image information using at least some of the
light scattered out of the first layer;

wherein the first communication unit is capable of communicating with the second
communication unit and the mobile device 1s capable of communicating with an external
network;

wherein a stress value for each image is determined from the applied force associated
with the image information that is generated for each image by the imager from light scattered
out of the first layer due to the respective applied force; and

wherein a deformation of the first layer is determined based on the image information;
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wherein a softness value of the object is determined based on the deformation and the
stress value; and

wherein the second communication unit is programmed to control activation of the imager
and, when the imager is activated to capture an image, to associate an image time with the
captured image, and to retrieve from the first communication unit the force information that was
received from the force sensor at the force time that the image was captured, the second
communication unit further programmed to associate the captured image with retrieved applied

force at the common force time and image time.

[0032b] In some other aspects the invention provides a method for detecting a cut or damage
to the optical waveguide of a mobile-platform imaging device of the present invention:
the method comprising:

applying the tactile sensor with a preselected force to a known object;
processing the image information to identify an asymmetry of the scattered light; and

when the asymmetry exceeds a threshold, indicating a cut or damage to the optical
waveguide, optionally:

(a) further comprising the steps of:

calculating a size and a stiffness of the object; and

computing a tumor risk index as a weighted sum of the size and the stiffness of the object;

or

(b) further comprising the steps of:
calculating a size, an elasticity and a depth related to the object; and
classifying the object as malignant or benign using a convolution neural network based on

the size, elasticity, and depth information.

[0032¢] In some aspects a method of determining the softness of an object in a target region is
provided, wherein the method employs a mobile-platform imaging device that uses
compression of the target region to generate an image of the object, the mobile-platform
imaging device comprising:

a tactile sensor comprising an optical waveguide comprising at least a first layer that is
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flexible and transparent, the tactile sensor further comprising at least one light source
configured to direct light into the optical waveguide, wherein the optical waveguide is
configured so that at least some of the light directed into the optical waveguide is scattered out
of the first layer when the first layer is deformed, and wherein the first layer is deformed by
the tactile sensor being pressed against the target region;

a support structure for maintaining the optical waveguide in place when force is applied
to the optical waveguide;

a force sensor that detects a force being applied to press the tactile sensor against the
target region and outputs corresponding force information;

a first communication unit connected to receive the force information from the force
sensor; and

a receptacle for holding a mobile device having a second communication unit and an
imager so positioned that the imager can generate image information using at least some of the
light scattered out of the first layer;

wherein the first communication unit is capable of communicating with the second
communication unit and the mobile device is capable of communicating with an external
network;

the method comprising the steps of:

determining a contact area of the applied force associated with the image information
that is generated for each image by the imager from light scattered out of the first layer due to
each applied force;

determining stress for each image from the contact area of the tactile sensor and the
force information;

determining strain of the optical waveguide for each image from the image
information and the determined stress; and

determining strain of the object for each image from the strain of the optical
waveguide, the contact area, and the stress; and

wherein the step of determining strain of the optical waveguide uses at least one of a
sum of intensities of pixels of the scattered light and an intensity of a maximum intensity

pixel of the scattered light.

[0032d] In yet some other aspects, the invention provides a mobile-platform imaging device that
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uses compression of a target region to generate an image of an object, comprising;:

a tactile sensor comprising an optical waveguide with a front surface arranged for
contacting the target region, the optical waveguide comprising at least a first layer at the front
surface that is flexible and transparent, the tactile sensor further comprising at least one light
source configured to direct light into the optical waveguide, the optical waveguide configured
to substantially constrain the light within the optical waveguide when the optical waveguide
is not deformed, wherein the optical waveguide is configured so that at least some of the light
directed into the optical waveguide is scattered out of the first layer when the first layer is
deformed, and wherein the first layer is deformed by the tactile sensor being pressed against
the target region, the tactile sensor including a diffuser positioned adjacent to the at least one
light source for diffusing light from the at least one light source to cause the light to distribute
uniformly within the optical waveguide;

a support structure for maintaining the optical waveguide in place when force is
applied to the optical waveguide, the support structure comprising a rigid support for
inhibiting deformation of a rear surface of the optical waveguide opposite of the front surface,
the rigid support configured so as to not obstruct the capture of scattered light from the optical
waveguide;

a force sensor that detects a force being applied to press the tactile sensor against the
target region and outputs corresponding force information associated with the applied force,
the force information permitting calculation of an applied force in a direction normal to the
front surface of the optical waveguide;

a first communication unit connected to receive the force information from the force
sensor and to associate with the force information a force time when the force information
was captured; and

a receptacle for holding a mobile device having a second communication unit and an
imager so positioned that the imager can generate image information using at least some of the
light scattered out of the first layer;

wherein the first communication unit is capable of communicating with the second
communication unit and the mobile device is capable of communicating with an external
network;

wherein a stress value for each image is determined from the applied force associated

with the image information that is generated for each image by the imager from light
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scattered out of the first layer due to the respective applied force;

wherein a deformation of the first layer is determined based on the image information;

wherein a softness value of the object is determined based on the deformation and the
stress value; and

wherein the second communication unit is programmed to control activation of the
imager and, when the imager is activated to capture an image, to associate an image time with
the captured image, and to retrieve from the first communication unit the force information
that was received from the force sensor at the force time that the image was captured, the
second communication unit further programmed to associate the captured image with

retrieved applied force at the common force time and image time.

[0032¢] In some other aspects, the invention provides a mobile-platform imaging device that
uses compression of a target region to generate an image of an object, comprising;:

a tactile sensor comprising an optical waveguide with a front surface arranged for
contacting the target region, the optical waveguide comprising at least a first layer at the front
surface that is flexible and transparent, the tactile sensor further comprising at least one light
source configured to direct light into the optical waveguide, the optical waveguide configured
to substantially constrain the light within the optical waveguide when the optical waveguide
is not deformed, wherein the optical waveguide is configured so that at least some of the light
directed into the optical waveguide is scattered out of the first layer when the first layer is
deformed, and wherein the first layer is deformed by the tactile sensor being pressed against
the target region, the tactile sensor including a diffuser positioned adjacent to the at least one
light source for diffusing light from the light source to cause the light to distribute uniformly
within the optical waveguide;

a support structure for maintaining the optical waveguide in place when force is applied
to the optical waveguide;

a plurality of sensors, each sensor configured to provide a signal for determining a
force being applied by the tactile sensor against the target region, the signals from the sensors
providing information for calculating a force in a direction normal to the front surface of the
optical waveguide;

a first communication unit connected to receive the output signals from the plurality of

sensors and store the output signals; and
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a receptacle for holding a mobile device having a second communication unit and an
imager so positioned that the imager can generate image information using at least some of the
light scattered out of the first layer;

wherein the first communication unit is capable of communicating with the second
communication unit and the mobile device is capable of communicating with an external
network;

wherein a stress value for each image is determined from the applied force associated
with the image information that is generated for each image by the imager from light
scattered out of the first layer due to the respective applied force;

wherein a deformation of the first layer is determined based on the image information;

wherein a softness value of the object is determined based on the deformation and the
stress value; and

wherein the second communication unit is programmed to control activation of the
imager and, when the imager is activated to capture an image, to associate an image time with
the captured image, and to retrieve from the first communication unit the force information
that was received from the force sensor at the force time that the image was captured, the
second communication unit further programmed to associate the captured image with

retrieved applied force at the common force time and image time.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0033] FIG. 1 shows an overall architecture of an embodiment of a mobile-platform
compression-induced imaging system (CIS).

[0034] FIG. 2 is a block diagram of an embodiment of a front end attachment of the system
shown in FIG. 1.

[0035] FIGS. 3A to 3C show elastomeric sensor elements for the front end attachment of
FIG. 2.

[0036] FIG. 4 is a diagram showing a possible position of LEDs for one embodiment of an
elastomeric sensing element.

[0037] FIGS. 5A to 5C show images from the sensor under test conditions.

[0038] FIG. 6 is a circuit diagram.

[0039] FIG. 7 is a schematic side view of the mobile-platform CIS.

[0040] FIG. 8 is a diagram of communication flows.

[0041] FIGS. 9A, 9B, and 9C are front, side, and back views of a frame forming part of one
embodiment of a CIS.

[0042] FIGS. 10A and 10B are perspective and front views of another frame forming part of
an embodiment of a CIS.

[0043] FIG. 11 is a functional block diagram of an implementation of a method of data
transfer.

[0044] FIG. 12 shows a user interface on a smartphone.

|0045] FIG. 13 is a diagram of data acquisition flow between a mobile device and a front end
miCroprocessor.

[0046] FIG. 14 is a flow chart for interface between the mobile device, a server, and a
processing unit.

[0047] FIG. 15 is a diagram of a forward modeling method.

[0048] FIG. 16 is a diagram of an inverse modeling method.

[0049] FIG. 17 is a diagram of a neural network.

DETAILED DESCRIPTION

[0050] Referring to the drawings, and initially to FIG. 1, one embodiment of an overall
architecture of a mobile-platform Compression-induced Imaging System (CIS), indicated
generally by the reference numeral 20, consists essentially of a mobile device 22, a frontend

attachment 24 to the mobile device 22, a cloud server 26, and a local processing unit 28. The
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mobile device 22 comprises an imaging unit, typically a camera, 32, a software unit 34, and a
wireless communication unit 30, all of which are standard in smartphones, and in the interests
of conciseness are not further described.

[0051] The frontend attachment 24 comprises a compression sensing probe 36, an applied
force measurement unit 38, a power unit 40, a wireless communication unit 42, and a
processing unit 44 (see FIG. 2).

[0052] The frontend attachment 24 is where all physical data acquisition (force and image
data) takes place and provides a chassis for the mobile device (iPhone or other smartphone)
22. The processing unit (microcontroller) 44 communicates with the software unit 34 of the
smartphone 22 via Bluetooth. The smartphone 22 communicates all data and metadata to the
cloud server 26 via Wi-Fi if available, otherwise by cellular data transfer.

[0053] As will be described in more detail below, the frontend attachment 24 at least
partially encases or mounts to the smartphone 22, in order to ensure accurate alignment
between the compression sensing probe 36 and the camera 32, which must image the probe
36. The microcontroller 44 makes the force sensor readings possible and allows for Bluetooth
communication with the smartphone software unit (app) 34. The data collection and image
capture are controlled by the user within the app 34, using the user interface of the
smartphone (see FIG. 12). When the user has collected desired data, the user can then send it
(or it could automatically be sent at periodic intervals) via Wi-Fi to the cloud server 26.
[0054] The cloud server 26 comprises a cloud-based database, which may be conventional,
and is not shown in detail. The database is used for storage of the tactile images and metadata
until the local computer 28 is ready to process the data. The processed data is then returned to
the originating smartphone 22. The user of the system is able to obtain the desired
information on the screen of smartphone 22.

[0055] Referring now also to FIG. 2, the front end attachment 24 includes the compression
sensing probe 36, which comprises a layer of transparent, flexible elastomer 46 and one or
more light sources 48 for feeding light into the elastomer 46. In an embodiment the light
sources 48 are light emitting diodes, which require constant-current driver circuitry 50. Other
light sources may of course require different driver and control circuitry. The compression
sensing probe 36 is shown in more detail in FIG. 7.

[0056] The transparent, flexible elastomer layer 46 forms an elastic optical waveguide,
which is a primary functional component of a main sensing probe 36 of the device 20. In one

embodiment of this probe 36, the optical waveguide 46 is an elastomer such as
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Polydimethylsiloxane (PDMS), which consists mainly of [-Si(CH3)—|, with a backing layer
72 (see FIG. 7) of glass or plastic, though again such is not necessary in all embodiments.
The probe 36 generates light corresponding to the compression of the elastomer layer 46. The
compression sensing is based on the optical phenomenon known as total internal reflection. If
two different mediums have diffcrent indices of refraction, and a ray of light is shone through
those two mediums then, when the ray reaches the interface between the two mediums,
usually a fraction of light is transmitted with refraction and the rest is reflected, the amounts
depending on the angle of incidence. However, if the ray starts in the medium of higher
refractive index, there is a critical angle above which the refraction becomes impossible, and
the ray is completely reflected, i.e., total internal reflection. In the present device, the
elastomer layer 46 is configured so that the light from the light sources 48 is channeled along
the layer between the PDMS-air interface at the front and the glass/plastic-air interface at the
back by total internal reflection, provided that the elastomer layer 46 is not distorted.
Elastomer waveguides are described in U.S. Patent No. 9,652,696.

[0057] However, when the elastomer layer 46 of the probe 36 is compressed or deformed
due to applied force, light is internally reflected off the distorted front surface at a steeper
angle, at which some of the light escapes through the back glass/plastic-air interface of the
elastomer layer. Some of this escaping light is captured by the imager 32 in the mobile device
22.

[0058] Referring also to FIGS. 3A to 3C, collectively FIG. 3, possible embodiments of the
elastomer layer 46 include a rectangular shaped elastomer 52, a half sphere 56, and a
rectangular shape curved into part of a cylinder 58. The sheets 52 and 58 have light sources
48 positioned so that the light enters from the boundaries at the narrow edges, nearly enough
parallel to the large faces that the light is guided by total internal reflection. In the curved
shape 56 (and 58 if the light is directed in the circumferential direction), the light is injected
near the convex face, nearly enough tangential to the surface that it can be guided round the
curve by total internal reflection. In all of these embodiments, there is a glass or plastic plate
in between the elastomer and the camera. The plate can be flat, or can be curved, for example,
to match the curvature of elastomer sheet 58. For all the elastomers the light is injected from
the side to introduce as much internal reflection as possible.

[0059] The elastomer component 46 is held in place, and in shape, by a frame (see FIG. 7)
that also provides a mounting for the light sources 48. This frame may have a clear, rigid

layer 72 (e.g. glass or plastic) in between the optical waveguide 46 and the camera 32.
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Another embodiment is a curved elastomer 58 such as shown in Fig. 3A held by a rigid
frame. The requirement is that there is a line of sight between the optical waveguide and the
camera for capturing deflected light waves.

[0060] Various different light sources 48 can be used. The described embodiment uses ultra-
bright white LEDs. The major function of the LEDs is to provide a full integration of light to
illuminate the entire area of the sensing probe 36. The intensity of each individual LED
affects the pixel value of cach captured image. Therefore, having a uniform intensity in each
LED and throughout the entire probe is a highly desirable condition. The image processing
can be calibrated for a non-uniform illumination, provided that the non-uniformity is stable
over time, but that can require significant extra processing power and processing time. In
addition, one or more light sources could be provided for emitting multiple wavelengths of
light which can be used to provide different imaging results. The system could be tailored to
provide for user selected changes in the wavelengths or could automatically cycle through the
different wavelengths with the software adjusting the calculations based on the particular
wavelength.

[0061] Referring now also to FIG. 4, one possible embodiment of the rectangular
elastomeric element 52 is a block of PDMS 38 mm (1.5 inches) square, and between 12 and
30 mm (0.5 to 1.2 inches) thick. Four LEDs 48 are provided, one in the center of each narrow
face of the block of PDMS 52 (approximately 19 mm from the comer edges). The number of
LEDs 48 for each side can be increased in order to increase the area of illumination and/or
the uniformity of illumination inside the PDMS. Often times the probe is covered with nitrile
for sterilization reasons.

[0062] Altematively, diffusing clements such as a white tube with the light source(s) inside
it may be uscd to distributc the light uniformly within the PDMS. Other diffusing barriers can
be used to generate uniform light into the sensing probe. Filters could be added between the
light source and the sensing probe to tailor the wavelength of light that is channeled into the
sensing probe.

[0063] The light source alignment is important for the Compression Sensing Probe if good
images that do not need a lot of post-processing are to be obtained. Under no load or
deformation, theoretically, total internal reflection should not allow any light to escape, but
because of impurities in the elastomer and because of the range of angles of the light injected
into the elastomers, some light escapes the elastomer even when nothing is touching the

surface of the elastomer. That low intensity light is found to form interference images. When
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the light sources are properly aligned and balanced, the interference images typically form
concentric circles, as shown in FIG. 5A. When a light source is not aligned propetly, the
interference image becomes skewed and asymmetric.

[0064] In order to calibrate the light sources, compression-induced images are obtained.
Thosc typically form a patch of light, brightest in the middle, that can be represented as a
grayscale. Then the grayscale is segmented into black background and white image, and
optionally also one or more intermediate (gray) rings, using available methods such as Otsu’s
threshold, as shown in FIG. 5B. Then the center of the segmented image is determined. Then
the center of the image is moved by adjusting the light source illumination directions until it
is at or near the center of the probe. For example, in Matlab software, the image may be
approximated to an ellipse, and the “regionprops” function may be used to determine the
center and the eccentricity of the ellipse. To measure the “roundness” of the region, the
Matlab “regionprops” command also returns the eccentricity of the region, by specifying an
ellipse and calculating the ratio of the distance between the focus of the ellipse and its major
axis length. If the region is a circle the eccentricity value is zero and if it is a line the value
will be one. The small circles in FIG. 5B represent the centroids of the layers (except for the
background). The eccentricity of the central (white) segment is 0.0066, of the inner (lighter
gray) ring is 0.27, and of the outer (darker gray) ring is 0.83. As may be seen from FIG. 5B,
the two inner regions are quite well centered. FIG. 5C shows three small circles marking the
centers of the background (black), outer ring (darker gray), and inner ring (lighter gray)
regions, with eccentricities of 0.76, 0.64, and 0.86, in order from left to right.

[0065] If the image is evenly segmented into three regions, as shown in FIGS. 5B and 5C,
region centroids and eccentricity scores can be calculated for each region. For the aligned
image, the eccentricity scorcs and centroid locations are very close for the two inner regions.
A proposed method for minimizing uneven interference and therefore aligning the LEDs is to
adjust their position in order to produce a three segmented image with centroids close to the
center of the PDMS area, with an eccentricity score below a maximum acceptable level. This
level will be found experimentally, by comparing the quality of the alignment with the
accuracy of the inclusion size estimation. LED adjustment will be mainly tilting the LEDs
within their light tubes or moving them closer to or further from the PDMS. The light sources
are then adjusted to obtain circular, uniform compression-induced images.

[0066] This method can be used to detect damage to the sensing probe 36. If, without any

load, the image is severely asymmetric as shown in FIG. 5C, we suspect damage to the probe

Date Regue/Date Received 2021-01-26



CA 03107765 2021-01-26

12

elastomer 46, such as a cut or crack. We can use this method to detect damaged probe
(clastomer). Consistent deformation of the PDMS when the probe is applied to stiff objects is
required for the image processing to estimate the object stiffness. The PDMS undergoes
multiple forms of stress and strain during routine use. The material can eventually fatigue,
and tears develop along the material. A tear is defined as a continuous separation of the
PDMS, allowing air to enter the PDMS. Tears can be characterized by length across the
surface of the PDMS, and depth through a cross section of the PDMS.

[0067] In Figure 5C, the damaged PDMS produces an image with a bright spot near the edge
of the PDMS. That causes the centroids of distinct regions to stray very far from center, as
well as producing higher eccentricity scores due to the oblong shapes. If these two values are
sufficiently off, the PDMS can be identified by the image analysis software as misaligned or
damaged, and the user can be prompted by the software to remove the sanitary cover and
inspect the sensing probe for LED misalignment or PDMS damage.

[0068] The overall intensity of the image changes in dependence on the lighting from the
LEDs and on the ambient light. A threshold for the overall image brightness will be set to
avoid frequent false positives.

[0069] Referring now also to FIG. 6, the primary purpose of the constant current driver
circuit 50 is to provide constant current so that the light sources provide uniform luminosity
even if a natural voltage dip occurs, for example, because the power unit 40 relies on batteries
and the batteries are running low. One such circuit 50 is shown in FIG. 6 and uses a Linear
Technologies LT1932 LED driver 57, controlied from a SparkFun Electronics DEV-12640
Pro Micro development board 59 with an Arduino processor. The Pro Micro 59 also receives
input from the force measurement unit 38, which is a TE Connectivity FC22 load cell. The
LED circuit was designed to give the uscr the ability to control the LED light intensity
through a dimming option. As shown in FIG. 6, the Pro Micro 59 also has a jack for input
from an image sensor (IDS Imaging Development Systems GmbH UI-1220SE) in case for
any reason it is preferred to use a dedicated imager on the frontend attachment 24 instead of
the camera 32 on the smartphone 22. In the illustrated embodiment, the Arduino processor
includes a Bluectooth transceiver. Alternatively, a separate Bluetooth transceiver may be
provided.

[0070] The applied force can be measured by one or multiple force sensors 38 in the
frontend attachment 24. This force sensor 38 can be a pressure sensor, load cell, strain sensor,

piezoelectric sensor, strain gauge, etc. The direction of the applied force is important. The
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frontend 24 or the mobile device 22 can have attitude and position sensors to determine the
applied force direction in absolute terms. More accurate results will be obtained if the applied
force direction is measured by various sensors 38, so that the direction of the applied force
relative to the device 20, and in particular any unevenness in the applied pressure, can be
detected.

[0071] One possible embodiment is an FC22 compression load cell with perpendicular
application of the pressure. The FC22 uses micro-machined silicon piezoresistive strain
gauges (Measurement Specialties, 2012). The FC22 measures direct force, which is more
reliable than alternative sensors that measure force by a pressure capsule. Because the FC22
series incorporates micro fused technology, it eliminates age-sensitive organic epoxies, which
provides an excellent long-range span and essentially unlimited cycle life expectancy. The
exemplary FC22 force sensor or applied force measurement unit 38 will be integrated into
the frame of the frontend attachment 24, which then creates a stable platform to take force
measurements. To increase the accuracy of the analog force sensor data, a buffer can be used
to store multiple values of the force sensor, which can then be averaged.

[0072] The force sensor 38 is connected to a processor 44 such as the exemplary Pro Micro
microcontroller 59. The force data will be synchronized with the CIS image. In an
embodiment, the Bluetooth-enabled microprocessor 59 is connected to the force sensor 38.
When the take image command is generated on the smartphone 22, the smartphone 22 sends
the command to take CIS image to the smartphone camera 32, and sends a Bluetooth
command to the microprocessor 59 to obtain applied force information from the force sensor
38. Then the force data is sent by Bluetooth to the software unit 34 of the smartphone 22,
where the force data is written into the CIS image metadata. It is also possible to have a
hardware trigger from the smartphone 22 to the microcontroller 59. A hardware trigger will
lead to more accurate force/image synchronization.

[0073] The processing unit 44 has three main functions, obtaining and converting the raw
force sensor data into usable force information, reading light brightness values, and
controlling the light brightness. This processing unit can be a microprocessor, a FPGA, or a
computer.

[0074] One possible embodiment of the brightness control is done by the application
software 34 in the mobile device 22. The dimming functionality can be controlled by varying
the output of a PWM signal from 0-255 in increments of 30, where 0 is low, and 255 is high.

It is also contemplated that the processor 34 of the smartphone 22 can be used as the
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microprocessor 59, with a software app on the phone 22 programmed to receive the force
sensor data and brightness data and for controlling the brightness.

[0075] Referring now also to FIG. 8, the main function of the communication unit 42 is to
provide the useful data to the mobile device 22 and obtain commands from the mobile device
22. This can bc a wireless communication such as Bluetooth or Wi-Fi, or it can be a wired
connection between the frontend attachment 24 and the mobile device 22. One possible
embodiment is Bluetooth connection between the microcontroller 59 of the frontend
attachment 24 and the processor 34 of the smartphone 22, then Wi-Fi HTTP or HTTPS
connection between the smartphone 22, and particularly its communication unit 30, and the
cloud server 26.

[0076] The initial communication begins with the microcontroller 59 in the frontend
attachment 24 and the smartphone 22 connecting via Bluetooth Smart connection. There are
two main components in the Bluetooth connection: they are the peripheral and central. In this
embodiment, the smartphone 22 is the central, and the microcontroller 59 is the peripheral:
this is similar to a client and server relationship.

[0077] Unconnected peripherals advertise data such as their name, signal strength, and
universally unique identifier (UUID). Once connected, peripherals will share their services;
the service that will be used is the universal asynchronous receiver/transmitter service. It
essentially acts as the data pipe between the microcontroller 59 and smartphone 22. The
service has two characteristics, “Tx” and “Rx”, this is what will be used to transfer force data
and control the dimming. Suitable secure protocols to make sure that the smartphone 22
connects to the correct front end unit 24, and to avoid external interference with, or
interception of, the wireless transmissions are well known, and in the interest of conciseness
are not further described here.

[0078] To use this method, an instruction set is created to handle the different functions
needed to obtain the force data from the force sensor 38 and control the dimming of the LEDs
48.

[0079] The communication between the smartphone 22 and the cloud server 26 (which in
this embodiment is running PHP scripts) will be through Wi-Fi if available. The image is sent
in, for example, JPEG format and the pertinent data is sent in a JSON file using the HTTP
post method. To retrieve data from the cloud server 26, the smartphone app 34 will use the
HTTP request method. By using JSON files, the data is parsed in a way that makes retrieving

information simple. With communication established, the software must ensure that messages
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are the same “language™: in the embodiment, all data passed between the platforms conforms
to UTF-8 string encoding.

[0080] The power unit 40 provides all the necessary power to the frontend attachment 24.
That will include the light source(s) 48, constant current driver 50, force sensor 38,
processing unit 44, and communication unit 42. The power unit 40 can be a battery or a fuel
cell.

[0081] Where the mobile device 22 is a smartphone, the camera, video camera,
accelerometers, gyroscopes, and communications hardware available in a typical smartphone
can be utilized, in particular the camera 32, application software 34, and communication unit
30. One possible embodiment is an iPhone. iPhone 6 has an 8 megapixel with 1.5 um pixels
video camera, accelerometer, gyro, and compass, Wi-Fi 802.11.

[0082] As may be seen from FIG. 7, the camera 32 views the elastomer 46. The frontend
attachment 24 is designed in such a way that the elastomer 46 is visible from the mobile
device camera 32. The camera 32 is able to focus at the edge (side) of the elastomer 46. The
camera’s autofocus is deactivated and the focal distance is set in software or firmware. For
each combination of camera model and front-end device model, the focal distance is fixed, so
can be pre-programmed. The camera 32 captures the light escaping from the elastomer 46 as
the elastomer 46 is compressed and distorted by the target object. The camera 32 can capture
a single image, multiple still images, or one or more video images.

[0083] The main function of the application software 34 is to obtain CIS image data along
with the metadata such as the applied force from the force sensor 38, user number, case
number, date, time, and dimming value, and send this information to the cloud server 26. The
data is encrypted and compressed in this application software 34. Also, the application
softwarc 34 will reccive the malignancy scorc and other output information returned from the
local processing unit 28.

[0084] The mobile device’s built in wireless communication function is used to send
obtained data and receive the results. This communication can be via Wi-Fi, LTE, 3G, or
Bluetooth. Other ftp or http sockets can also be used.

[0085] The compression-induced images that are obtained from the CIS imager are sent over
Wi-Fi to the remote cloud server 26 or local computer 28, which runs mechanical property
estimation algorithms. The obtained images with corresponding histopathology results are
stored in the cloud database. This database is used to compute the malignancy score. That

allows the server 26 to keep a comprehensive database for more accurate performance
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evaluations. Therefore, the communication should be secure. To achieve efficient and secure
communication between two entities, symmetric encryption-based communication schemes
are often adopted. Either symmetric or asymmetric encryption may be used to secure the data.
[0086] For symmetric encryption, secret keys are often transmitted with the help of
asymmetric encryption methods, which need the support of public key infrastructure.
Asymmetric encryption, even if only of the keys, causes considerable computation and
communication overhead for the CIS. What is worse, if there is any risk that the secret key
has been compromised, the CIS has to generate another secret key, and transmit it with the
costly asymmetric encryption method.

[0087] To overcome these problems, the present embodiment uses a different secure
communication protocol. The proposed communication protocol is reasonably secure without
introducing the public key infrastructure. Additionally, the secret key is generated in a very
efficient way. Specifically, during the initialization process, there is no secret key shared
between the smartphone 22 and the cloud server 26. Instead, the smartphone 22 and the cloud
server 26 randomly chat with each other using plaintext, without sending any sensitive or
secret information. After several rounds of interaction, both the smartphone 22 and the cloud
server 26 generate a secret key using a hash value of their chatting contents. In order to
generate the same secret key, an attacker must intercept all the plaintext in the chat.
Fortunately, there is often serious packet loss in wireless communication, so it is very hard
for an attacker to get all the chatting contents. If the chatting entitics cannot hear cach other
clearly, they can ask to repeat the message. An eavesdropper cannot do that. The robustness
of the security is based on the lack of robustness (characteristics of packet loss) of the
wireless communication. In this way, the secret key is generated without introducing the
public key infrastructure. To make the communication morc sccurc, aftcr cach successful
communication, both entities update their secret keys. Therefore, even if the attacker steals a
secret key, it will soon expire, and as soon as the attacker misses a data packet, the attacker
will no longer be able to match any future key update.

[0088] The CIS data can be sent to the local processing unit 28 directly or through the cloud
service 26. Itis preferred that the CIS unit 20 connects to the cloud server 26, and then the
local processing unit 28 obtains the data from the cloud server 26. In the cloud, one can store
encrypted compression-induced images with metadata. The mobile device 22 and the local
processing unit 28 communicate with this cloud server 26. The cloud server database stores

the data and metadata until it is ready for data processing on the local computer 28.
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[0089] One embodiment of the cloud server 26 acts as a repository for all of the data and has
two main components, the PHP scripts and a MySQL database. There are two PHP scripts:
one receives the data sent from the smartphone 22 and stores them in the proper directories;
the second goes to the proper directory and returns result information back to the smartphone
22.

[0090] The local processing unit 28 obtains the CIS data and processes the data to obtain the
mechanical property information. The CIS data and metadata are stored and processed in this
computer 28. This local processing unit 28 can be in the cloud 26, but in the present
embodiment the local processing unit 28 is in the responsible medical practitioner’s own
location for security purposes. Thus, the data in the cloud 26 is never unencrypted. The
processed data is then returned to the originating mobile device 22. The user of the system is
then able to obtain the desired information on the mobile device screen.

[0091] Referring now also to FIGS. 9A, 9B, and 9C, collectively FIG. 9, one embodiment of
the mobile-platform compression-induced imaging system 20 comprises a frame 60. The
purpose of the frame 60 is to hold the frontend 24 and let it seamlessly attach to the mobile
device 22. The elastomer element 46 of the sensing probe 36 is visible to the imaging unit 32
of the mobile device 22. The force sensor 38 is positioned to obtain accurate applied force
information.

[0092] The frame 60 comprises a cradle 62 with raised sides 64, onto which the smartphone
22 can be placed, with the camera 32 aligned with an aperture 66. Accordingly, here the
frame 60 and cradle 62 define the receptacle into which the mobile device 22 may be
received. If the smartphone 22 has an autofocus sensor next to the camera 32, the aperture 66
may be elongated, as shown, so that the camera can focus on a target at the edge of the
sensing probe 36. Alternativcly, the autofocus may be overridden in software, and the camera
32 forced to a known focus setting.

[0093] The frame 60 shown in FIG. 9 was designed for an Apple iPhone 6, but many other
available models of smartphone 22 have a similar general configuration and would require at
most a slight modification of the dimensions of the cradle 62. The frame 60 shown was
created in SolidWorks CAD software and printed using an Objet 3D printer.

[0094] The frontend attachment frame 60 is the skeleton for the system in that it contains all
the LED circuit 50, PDMS probe 36, force sensor 38, and smartphone 22, and holds them in
alignment. The goal of this design is to create a lightweight, easy to hold device that can

accurately capture the tactile image and force sensing information.
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[0095] The cradle 62 firmly holds the smartphone in place to allow for a certain pressure to
be applied on the phone without the phone moving or damaging any parts. The cradle 62 does
not interfere with the view of the camera or smartphone screen or access to any of the buttons
so that full phone functionality is maintained. If wired communication is used between the
smartphonc 22 and the frontend processor 59, the cradle 62 may have a connector plug that
fits into a port in the smartphone 22 when the smartphone 22 is inserted into the cradle 62.
The cradle 62 is used here as a handle for a user to hold the CIS assembly 22, 24 and to press
the sensor 36 and particularly the elastomer 46 against the target.

[0096] Directly beneath the smartphone cradle 62 is a storage compartment 68 for the
electrical components. The size of the compartment 68 is set to contain the microcontroller
59, battery pack 40, power switch, LED driver 50, force sensor circuitry, and some wiring.
For protection and aesthetics, the compartment 68 is enclosed by a lid, but has external access
points for the power switch and wiring essential for the LEDs and force sensors.

[0097] At the front side of the frame 60 is an area 70 for the image capture. The hole 66 for
the camera 32 is central with the location of the camera 32 on the smartphone 22 itself. The
distance from the camera 32 to the sensor elastomer 46 is selected to be within the focal
range of the camera 32, which in the embodiment of FIG. 9 was provided by the
manufacturer to be 31 mm minimum. An additional lens (not shown) can be added in front of
the smartphone camera 32 to reduce the minimum focus distance or to capture the appropriate
size image.

[0098] A glass or other rigid, transparent sheet 72 (see FIG. 7) may be incorporated between
the elastomer 46 and the camera 32 as a rigid support for the elastomer 46. The glass/plastic
72 supports the back of the elastomer 46, while permitting the camera 32 to see through. The
glass/plastic 72 and clastomer 46 arc placed in a rectangular cutout 74 in a holder 76 at the
front end of the frame 60, and the elastomer 46 fits securely in that cutout against the
glass/plastic 72. Four holes 78 symmetrically placed in the holder 76 around the cutout 74 are
the access points for the LEDs 48. The LEDs 48 are secured within metal spacers lining the
holes 78. All wiring for the LEDs is channeled away from the imaging areca and is arranged
with wires that are as few and as small as reasonably practical, so that the holder 76 can
freely move. It is also contemplated that the rigid support for the elastomer 46 could be

provided by the holder 76 which surrounds the perimeter of the elastomer 46.
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[0099] In the embodiment of FIG. 9, the applied force is estimated from the accelerometers
and gyroscopes of the smartphone 22. Alternatively, or in addition, it is possible to put a thin
force sensor on the frame 60 where it touches the tissues at the edge of the elastomer 46.
[0100] Referring now also to FIGS. 10A and 10B, collectively FIG. 10, and to FIG. 7, a
second cmbodiment of frame 80 is similar in principle to the first embodiment, and the
description will not be unnecessarily repeated. In the frame 80, the corner of the smartphone
22 that includes the camera 32 is inserted into a slot in a cradle 82. Once again, the frame 80
and cradle 82 define the receptacle for holding the mobile device or smartphone 22. A
housing 84, behind the cradle 82 and aligned with the holder 76 for the elastomer sensor 46,
contains all the electronics and is used as a handle. The housing 84 is not rigidly attached to
the cradle 82. Instead, they are connected through the force sensor 38, so that when a user
holding the housing 84 presses the sensor 36 and particularly the elastomer 46 against a solid
object, the force sensor 38 detects and measures the force applied to the handle here again in
the form of the housing 84. In the interest of simplicity only a single force sensor 38 is shown
in FIG. 7, but as mentioned above, multiple force sensors may be used to increase accuracy,
and to detect any uncvenness in the applied pressure.

[0101] Referring now also to FIG. 11, in order to determine the mechanical properties of the
target 100 it is necessary to obtain data from the frontend attachment 24 and mobile device
22. An embodiment of the method of data collection is implemented in three main hardware
components: the microcontroller 59 of the frontend attachment 24, the mobile device (e.g.,
smartphone) 22, and the local processing unit 28. The method is responsible for acquisition of
data, processing of CIS data, and communication between hardware.

[0102] While the above embodiment describes manually applying force, it is also
contemplated as shown schematically in FIG. 7 that a motor 85, such as a linear actuator,
screw drive, pulleys or timing belts, could be incorporated into any of the embodiments to
automatically apply the desired force. For example, the motor 85 could be coupled between
the housing 84, the cradle 82 or the holder/frontend 24 and a fixed or non-moving surface so
as to, upon activation, drive the optical waveguide or the compression sensing probe 36
automatically towards the target 100. This will allow automatic force application instead of
pressing manually. In one application, the motor 85 drives the optical waveguide 46 toward
the target area 100 in a uniform motion of about 5 to 7 mm in approximately three seconds to

obtain the tactile images.
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[0103] In the frontend attachment 24, the processor 59 obtains the force sensor data and
transmits it to the mobile device 22. The processor 59 also controls the brightness of the
lighting and communicates with the mobile device 22. As an embodiment, the method can be
programmed in C using an Arduino IDE microprocessor 59. An example of the functions of
cach component is shown in FIG. 11.

[0104] The mobile device unit 22 gathers CIS images and applied force data, sends
instructions to the frontend processor, and sends CIS images and related data to and requests
results from the local processing unit 28. One possible embodiment of the data acquisition
method is iOS application software. Referring to FIG. 12, the software interface on the
display screen of the smartphone 22 provides a live camera view 102 of the probe 36, a slider
104 to adjust the brightness of the LEDs 48, fields to add patient information, a display 106
for force readings, and lastly a button for the user to capture the photos. Once the capture
button is pressed, the captured photo is displayed on the screen and the user is given the
option to either upload the photo or retake it. It is also possible to take video images. The
images are correlated with the applied force information from the force sensor 38.

[0105] The application software 34 in the smartphone 22 captures the CIS images, force data,
and metadata. Referring to FIG. 13, in one possible embodiment of the data acquisition
process, when the operator presses the capture button, the sequence of data collection begins
by sending a command over Bluetooth to the frontend microprocessor 59 requesting the force
information. The frontend microprocessor 59 reads and stores the current force value. The
current force value may be a single value, an average of values from two or more sensors, or
a list of values from two or more sensors. In FIGS. 12 and 13, two force sensors 38 report
separately. Because the programs run asynchronously, the stored values are sent one at a time
to prevent errors causcd during transmission. Meanwhile the application software on
smartphone 22 continues and collects an image using camera 32. Once the applied force
information is returned to the smartphone 22, the captured image and the force data are
displayed on the smartphone 22. The user is then prompted to either retake the image or
upload it.

[0106] When the user selects an upload button, the connection to the server begins. The file
including the images and metadata is prepared. The metadata may contain any or all of the
date, time, dimmer value, patient ID, and User ID, and the force information. These data may
be used to form the image name, in a format by which the data can usefully be sorted. FIG.
14 shows an example of the data flows in uploading the data.
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[0107] Where it is desired to capture multiple images at different applied forces, the
smartphone 22 may record a segment of video, while repeatedly polling the frontend 24 for
force data. The force data is then analyzed to find a period when the rate of change of force
with time is relatively uniform, and a portion of video, or two or more individual frames at a
desired spacing of time or force, is selected for further analysis. If the smartphone 22 has
sufficient processing power, the selection may be performed, and the selected frames
presented for approval by the user, before uploading. If the smartphone 22 does not have
sufficient processing power to perform the selection, the unselected data can be uploaded and
selection performed at the local computer 28, but at greater expense in communication usage.
[0108] Size Determination Method with Mobile-platform CIS using 3D Interpolation
[0109] One of the mechanical properties that Mobile-platform CIS determines is the size of
the target 100. Here, we describe a method to obtain the size of the subsurface or surface
targets.

[0110] In order to choose the optimal CIS images, force is plotted versus time. A smooth
linear region is chosen to process the images. These images are used in a mechanical property
estimation algorithm. It is desirable to filter out noise from the CIS images. The noise may be
due to, for example, spurious ambient light entering the system, or non-imaging light from
the LEDs 48 if the position of the LEDs is not ideal. Maximum intensity and/or sum of
intensity of the CIS images are used to estimate the target size. The shape of inclusions is
assumed in this embodiment to be spherical. A 3D interpolation model to estimate the size of
tumors 100 from the compression-induced image is provided. The 3D interpolation method
relates applied normal force, F, number of pixels on the compression-induced image, N,, and
the diameter of the inclusion image, D. We model the multiple surfaces based on these three
paramcters. Once we have the modcls, we obtain force I from Mobile-platform CIS, and the
approximate depth from the user. Then, we use the model surface to estimate the size. We
developed multiple 3D interpolation surfaces of the form shown in Equation (1) for a range

of depth layers from the experimental data.

i=n j=m

D(F,N,)=> > p;F"'N; 1

i=0 j=0
[0111] The model coefficients, py, define the modeled surface. Indices » and m in Equation
(1) denote the order of the polynomial for the size estimation. The coefficients p; are

empirically found from a model as described below.
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[0112] One possible embodiment is to divide the size into two cases. We developed two sets
of the 3D interpolations: one (or large inclusions (e.2. we used two diameters, 11.9 mm and
15.5 mm, to generate the initial interpolation surfaces) and another for small inclusions (e.g.
we used diameters of 8.0 mm and 9.9 mm to generate the initial interpolation surfaces). Thus,
to deercasc the crror, we have two different interpolation surfaces: one for small inclusions
and another for larger inclusions. The interpolation surfaces from each set were determined
for three different depth layers (in this example, 3 mm, 6 mm, and 9 mm). The values of the
developed 3D interpolation surfaces parameters reflect the depth and size changes in
inclusions within the tissue phantom. It is possible for a doctor to qualitatively estimate the
depth (shallow, medium, or deep) and size (large or small) of the tumor, so that the
appropriate surfaces according to the doctor’s description can be used.

[0113] Using the developed 3D interpolation surfaces, we can estimate size of the inclusion
by specifying the applied force, F, and number of pixels on the image, N,. The size of the
inclusion is found from force information and number of pixels, using its approximated
depth. We had multiple interpolation surfaces for different depths. The choice of a particular
3D interpolation surface is based on the approximated depth and size of the inclusions. For
human data experiments, the physicians estimated approximate size and depth of the
inclusions. Then more accurate size and depth are computed using this 3D interpolation
method. Initial interpolation surfaces can be generated from the developed model, but as
more data are gathered, a more accurate interpolation surfaces may be determined from the
actual data.

[0114] Relative Softness Index Determination Method

[0115] The compression experiment of Mobile-platform CIS resembles in some respects a
conventional tensilc test to determine the mechanical properties of an inclusion. One of the
properties that we consider is the softness index, which is the degree of softness/hardness of
the target. In contrast to the rigid steel compression surface used in conventional hardness
measurements, the present approach uses a soft silicone probe to compress the tissue with
soft inclusions. The size and shape of the deformation of the silicone probe element of the
Mobile-platform CIS give information about the tissue with an inclusion. However, the
difference in compression surface stiffness influences the output of these two methods. In a
conventional tensile experiment with a rigid probe, the sample deforms, and the deformation
for a stiff sample/inclusion is smaller than for a soft inclusion. In the present measurement

method, it is the deformation of a soft probe that is measured, and the deformation of the
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probe is larger for stiffer samples and smaller for softer samples. The softness index, Sciss,
that is obtained is the inverse of the elastic modulus.

[0116] Elasticity describes the ability of a tissue to recover its shape after an applied stress is
removed. Human skin and soft tissue responses on compression, as well as responses of
tumors, are cxamplcs of clastic tissue recovery. Also, biological tissues are non-linear and
viscoelastic materials. We worked with the small range of the indentations (up to 20% of
depth reached). In all Mobile-platform CIS experiments, we assumed the linear elastic
behavior of the tested materials. We used the changes in the indentation of the soft silicone
probe to capture the deformation of the tissue from compression. Then we estimated the
tumor region’s softness index, which is a relative tensile property measure.

[0117] The Mobile-platform CIS sofiness index calculation with a tissue phantom was
designed to replace the conventional elastic modulus measurement technique using
compression.

[0118] In the Mobile-platform CIS application, the stress oz(k) for each CISS image & is

calculated as follows,

RO -F,

A ©)

[0119] F(k) is the applied force in the z direction, Frris the force value taken at the reference

o.(k) =

point. The reference force corresponds to the first non-empty tactile image during
cxperiments. Ac is Mobile-platform CIS contact area (e.g. 1134 mm?), which includes the
solid frame and the elastic silicone probe areas. It is assumed in this example that the entire
front face of the probe, including the frame, is pressed flat against a flat surface of the
medium containing the sample 100. If the landing surface is not flat, 4c may be adjusted
accordingly.

[0120] The vertical deformation ratio, d;(k), of Mobile-platform CIS is given as

3)

[0121] I(k) stands for the sum of intensities on the k-th compression image, and J.r1s the sum
of intensities on the image corresponding to the reference force Frr. The reference image and
force are chosen when a relatively large CIS image (taking up at least 25% of the screen)

appears on the screen. For example, in the case of breast cancer in a human patient, this may
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be somewhere between 3 N and 15 N. We use sum of pixel intensity values or maximum
intensily values Lo estimale the indentation of the probe due to the fact that the probe’s
deformation in the z-direction is directly proportional to the tactile image intensity change.
[0122] Softness index, Sciss, is a measure of stiffness of the tissue with inclusions. It
calculated as a slope of the Mobile-platform CIS stress-deformation curve computed for the

tumor region:

A .
CISS dz (k) 2 ( )

[0123] Due to the Mobile-platform CIS hardware design, the elastic silicone probe deforms
more rapidly while in contact with stiff inclusions than with soft ones. That causes the
softness index to be inversely proportional to the true elastic modulus (Young’s modulus) of
the imaged inclusion. Greater Sciss value indicates softer tumors and lesser Sciss indicates
harder tumors.

[0124] Absolute Elasticity Estimation Method using Deep Learning (Deep Brief Net).
[0125] Here we present a method to obtain the absolute elasticity of the target. Here the
embodiment is for a human tumor application, but other applications are possible. In order to
compute the absolute Young’s modulus (elasticity) of the tumor, we utilize deep learning. We
will model the target’s mechanical properties such as size of the deformation due to elasticity.
The method is divided into forward approach and inverse approach. See FIGS. 15 and 16.
The forward approach provides the stress graph of the skin. The inverse approach provides
elasticity of the target using deep learning as shown in FIG. 16.

[0126] Modeling and Forward Approach. The purpose of the forward algorithm is to find the
relationship between tissue inclusion parameters and CIS data. Three dimensional analysis
leads to a novel method of predicting the characteristics of the human tumor; it can be
directly incorporated with health care provider’s palpation. The Finite Element Method
(FEM) is used for proving properties such as the shape, size, and elasticity of the tumors. The
input parameters are:

[0127] Tissue loading (compression of the surface of the tissue), /

[0128] Indentation diameter, d
[0129] Stiffness of skin, £,

[0130] The objective is to investigate the effects of the skin in a biological tissue associated

with the application of loading on the tissue. We used ANSYS (Pennsylvania), an
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engineering simulation software package. Other modeling software can be used. The finite
clement model (FEM) consists of sensing probe, soft tissues (for example, representing
human breast tissue), and harder inclusions (for example, representing tumors). We model
the breast and tumor as elastic isotropic elements. The stress distribution is obtained from the
dynamic probe image. From these models, we obtain maximum deformation, total
deformation, and deformation area. The device compresses against the breast tissue with
tumors. The deformation of the sensing probe is captured. We relate size, depth and elasticity
of the tumor with maximum deformation, total deformation, and deformation area from the
simulation.

[0131] Absolute Young'’s Modulus Determination using Inverse Approach. Although the
results of the forward approach can show the existence of tumor, they do not provide detailed
information on the tumor characteristics. One technique for solving inverse problems is using
a deep leamning of the forward results. The first part is the data acquisition and construction of
tactile maps using the FEM. In the second part, we require an inverse model that takes a CIS
map as input and produces the size and elasticity of the tissue and tumor that has been imaged
as output. An inverse algorithm estimates the elastic modulus, depth, and size of the tumor
from maximum deformation, total deformation, and deformation area, which are obtained
from CIS. We use a deep neural network method called “Deep Brief Net” (DBN) for this
inverse modeling. This DBN method improves the accuracy of the inverse algorithm (LeCun
ct al., 2015). A conventional Artificial Neural Network (ANN) has overfitting issues, which
results in poor generalization performance. DBN can be pre-trained by an unsupervised
manner to avoid the overfitting and the DBN with latent variable space in its deep structure
can represent complex nonlinear functions otherwise not efficiently representable by the
ANN with shallow structure (i.e., only one or two hidden laycrs). We use the DBN to
improve the accuracy of the inverse algorithm. In this way, we propose to obtain the absolute
Young’s modulus of the targets.

[0132] Risk Index Determination Methods

[0133] In our embodiment, we describe a tumor risk index that we can obtain using mobile-
platform CIS. We utilize quantified size and softness index information to obtain the tumor
risk index. Other mechanical properties such as mobility and softness can be incorporated
into this risk index. Here we describe two different embodiments of the method of

determining the risk index.
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[0134] Simple Weighting Method. As the first embodiment, we compute the risk index with
equal weighting between size and sofiness. We first normalize the size between 1 and 5 with
5 being maximum size, such as 2 cm, and 1 being the minimum size, such as 2 mm. We also
normalize softness to 1 to 5, with 5 being hard and 1 being soft. The range of softness may be
from 0 to 250 x 10%/Pa, divided into the 5 levels. Then we multiply the size and softness by
0.5 and add them together. Thus, we equally weight the size information and softness
information, and the risk index is a number from 1 to 5. The larger the size of the tumor, the
more likely it is to be malignant. The softer the tumor, the more likely it is to be benign.
[0135] Data Classification using Convolution Neural Network Method. Another
embodiment is to utilize machine learning methods such as neural network to classify the
targets. The CIS signatures such as size, mobility, and elasticity of the tumor will be obtained
from mobile platform CIS. Once CIS data are available, the data must be fused to develop the
Tumor Characterization Model. We first create a database of size, depth, mobility, and
elasticity with malignancy information. Then we use convolution neural network (CNN) to
classify the tumors.

[0136] Even though the CIS data are available, characterizing tumors as malignant or benign
is not simple. The computer has to fuse the information and provide the patient the
probability of the lesion being malignant.

[0137] Referring to FIG. 17, we use a convolution neural network (CNN) method (Ji et al.
2013) to classify the lesions using size, elasticity, and depth information. We will use the
CNN for tumor classification. Convolution neural networks (CNN) are similar to neural
networks, but are designed to accept images as inputs. We present the CNN architectures;
convolution layer, pooling layer, and fully-connected layer. The convolution layer is denoted

by the equation:

{— +
vixj = g(bij +Xm 1131:01 ngvé_?)m s (%)

[0138] where v} is the value of a neuron at position x of the j-th feature map in the i-th layer.

Each pooling layer corresponds to the previous convolution layer. We use max pooling,

= nx1
¢ = MAX(a* u(n, 1), ©)
[0139] where u(n, 1) is a window function to patch of the convolution layer, and g; is the

maximum in the neighborhood. These layers are stacked to form a full CNN architecture.

Each layer accepts 3D volume as input and transform it to an output 3D volume through a
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differentiable function. For breast tumor application, we obtain the CIS images and classify
these images along spatial and temporal dimensions. Then we develop a CNN to classify
benign and malignant tumors as the outputs.

[0140] After correlating the outputs with the tumor histopathology results, we compute the
probability of tumor being malignant. This probability of a tumor being malignant will be
computed as the risk index after the completion of the database.

[0141] The mobile platform Compression-induced imaging system (CIS) only utilizes the
camera, communication, and limited data processing functions of the smartphone. Specific
embodiments have been described using a smartphone current at the time of writing.
However, as long as a camera exists and communication (Bluetooth, Wi-Fi, or some yet to be
developed successor) functions exist in the smartphone, the CIS system will work. The
hardware frame of the attachment and the application may need to be updated for a new
smartphone, because the physical location of the camera might change. However, the
principles of CIS are not dependent upon the specific functions or design of a smartphone.
The app software will change depending on the type of smartphone and the versions of
application creating software. For example, the embodiments described above use Xcode 8
and Swift 3.0.2. Also, the exact procedure for synchronization of the tactile image and
applied force data may depend on the specific smartphone hardware and operating system.
However, it will be within the ability of the ordinary skilled person to update the present
teachings from time to time to remain consistent with then-current smartphone technology.
[0142] The light source aligning method, damage detection, absolute elasticity computation
method, and data classification method are all relevant regardless of smartphone technology
change.

[0143] 1t would be possible to provide a camera in the frontend attachment 24, instead of
using the camera 32 of the smartphone 22. That has the advantage that it is not necessary to
adjust or redesign the cradle every time the smartphone designer moves the camera, but has
the disadvantage that a separate camera must be provided (at significant extra cost, because
the makers of the present device do not enjoy the huge sales volume and corresponding
economies of scale of the big smartphone manufacturers).

[0144] The use of the terms "a" and "an" and "the" and similar referents in the context of
describing the invention (especially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless otherwise indicated herein or

clearly contradicted by context.
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[0145] The terms "comprising," "having," "including," and "containing" are to be construed
as open-ended terms (i.c., meaning "including, but not limited to,") unless otherwise noted.
The term "connected" is to be construed as partly or wholly contained within, attached to, or
joined together, even if there is something intervening.

[0146] The recitation of ranges of values herein are merely intended to serve as a shorthand
method of referring individually to cach separate value falling within the range, unless
otherwise indicated herein, and each separate value is incorporated into the specification as if
it were individually recited herein.

[0147] All methods described herein can be performed in any suitable order unless otherwise
indicated herein or otherwise clearly contradicted by context. The use of any and all
examples, or exemplary language (e.g., "such as") provided herein, is intended merely to
better illuminate embodiments of the invention and does not impose a limitation on the scope
of the invention unless otherwise claimed. The various embodiments and elements can be
interchanged or combined in any suitable manner as necessary. Thus any features described
in the specification and dependent claims should be understood as being useful in and
combinable with other embodiments and other claims.

[0148] No language in the specification should be construed as indicating any non-claimed
clement as essential to the practice of the invention.

[0149] It will be apparent to those skilled in the art that various modifications and variations
can be made to the present invention without departing from the spirit and scope of the
invention. There is no intention to limit the invention to the specific form or forms disclosed,
but on the contrary, the intention is to cover all modifications, alternative constructions, and
equivalents falling within the spirit and scope of the invention, as defined in the appended
claims. Thus, it is intendcd that the present invention cover the modifications and variations
of this invention provided they come within the scope of the appended claims and their
equivalents.
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CLAIMS
What is claimed is:
1. A mobile-platform imaging device that uses compression of a target region to generate an
image of an object, comprising:

a tactile sensor comprising an optical waveguide with a front surface arranged for
contacting the target region, the optical waveguide comprising at least a first layer at the
front surface that is flexible and transparent, the tactile sensor further comprising multiple
light sources configured to direct light into the optical waveguide, the optical waveguide
configured to substantially constrain the light within the optical waveguide when the optical
waveguide is not deformed, wherein the optical waveguide is configured so that at least
some of the light directed into the optical waveguide is scattered out of the first layer when
the first layer is deformed, and wherein the first layer is deformed by the tactile sensor being
pressed against the target region, the tactile sensor including a diffuser positioned adjacent
to the light sources for diffusing light from the light sources to cause the light to distribute
uniformly within the optical waveguide;

a support structure for maintaining the optical waveguide in place when force is
applied to the optical waveguide;

a force sensor that detects a force being applied to press the tactile sensor against the
target region and outputs corresponding force information, the force sensor mounted so as to
permit calculation of an applied force in a direction normal to the front surface of the optical
waveguide;

a first communication unit connected to receive the force information from the force
sensor and to associate with the force information a force time when the force information
was captured; and

a receptacle for holding a mobile device having a second communication unit and an
imager so positioned that the imager can generate image information using at least some of
the light scattered out of the first layer;

wherein the first communication unit is capable of communicating with the second
communication unit and the mobile device is capable of communicating with an external
network;

wherein a stress value for each image is determined from the applied force associated
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with the image information that is generated for each image by the imager from light scattered
out of the first layer due to the respective applied force; and

wherein a deformation of the first layer is determined based on the image information;

wherein a softness value of the object is determined based on the deformation and the
stress value; and

wherein the second communication unit is programmed to control activation of the
imager and, when the imager is activated to capture an image, to associate an image time with
the captured image, and to retrieve from the first communication unit the force information that
was received from the force sensor at the force time that the image was captured, the second
communication unit further programmed to associate the captured image with retrieved applied

force at the common force time and image time.

2. The mobile-platform imaging device of claim 1, in combination with the mobile device,

wherein the mobile device is a mobile telephone.

3. The mobile-platform imaging device of claim 2, wherein the mobile telephone is
programmed to generate the image information from at least some of the light scattered out
of the first layer, receive the force information, synchronize the image information with the

force information, and transmit the associated information to an external device.

4. The mobile-platform imaging device of claim 3, wherein the associated information further
includes information selected from a current date, a current time, a user ID of a current user of

the mobile device, and a target ID of the object.

5. The mobile-platform imaging device of claim 1, wherein the image information is selected

from the group consisting of a single image, multiple images, and a videoimage.

6. The mobile-platform imaging device of claim 3, wherein the mobile device is programmed
to exchange a plurality of messages with the external device, generate a hash from content
of the plurality of messages, and encrypt the synchronized information using an encryption

key determined from the hash.
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7. The mobile-platform imaging device of claim 1, wherein the receptacle is configured as a
frame defining a cradle for selective removable receipt of the mobile device such that an
imaging unit of the mobile device is positioned opposite of and along a line of sight with the

optical waveguide.

8. The mobile-platform imaging device of claim 7, wherein the frame comprises a holder

having a cutout for installation therein of the optical waveguide.

9. The mobile-platform imaging device of claim 8, wherein multiple holes are formed spaced
about the holder for installation of the multiple light sources for providing selective

side-illumination of the optical waveguide.
10. The mobile-platform imaging device of claim 8, wherein an aperture is formed
substantially centered within the cutout for providing the line of sight between the imaging

unit and the optical waveguide.

11. The mobile-platform imaging device of claim 7, wherein the cradle comprises raised

sides for engagement with the mobile device.

12. The mobile-platform imaging device of claim 1, wherein the force sensor is located

between the tactile sensor and the receptacle for holding the mobile device.

13. The mobile-platform imaging device of claim 1, further comprising a handle, wherein the

force sensor is located between the handle and the receptacle for holding the mobile device.

14. The mobile-platform imaging device of claim 13, wherein the handle is defined by a

frame of the receptacle.

15. The mobile-platform imaging device of claim 14, wherein the handle is defined by a

housing operably installed on the frame.
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16. The mobile-platform imaging device of claim 15, further comprising a motor operably
installed on the housing for controlled application of the force to the tactile sensor through the

receptacle as sensed by the force sensor.

17. The mobile-platform imaging device of claim 1, further comprising a motor operably
installed on the receptacle for controlled application of the force to the tactile sensor through

the receptacle as sensed by the force sensor.

18. The mobile-platform imaging device of claim 1, further comprising a constant current

driver circuitry for powering the multiple light sources.
19. The mobile-platform imaging device of claim 1, wherein the support structure comprises
a rigid frame mounted against a surface of the optical waveguide spaced apart from the front

surface.

20. The mobile-platform imaging device of claim 1, wherein the support structure is

provided by the structural configuration of the waveguide.

21. The mobile-platform imaging device of claim 1, wherein at least the first layer of the

optical waveguide is curved.

22. The mobile-platform imaging device of claim 21, wherein at least the first layer of the

optical waveguide is semi-spherical.

23. The mobile-platform imaging device of claim 1, wherein at least the first layer of the

optical waveguide is rectangular.

24. The mobile-platform imaging device of claim 1, wherein at least the first layer of the

optical waveguide is an elastomer.
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25. The mobile-platform imaging device of claim 24, wherein the elastomer is

Polydimethylsiloxane (PDMS).

26. A method of determining physical characteristics of the surface or subsurface of the
object using the mobile-platform imaging device of claim 1, comprising:

obtaining the image information and corresponding force information at a plurality of
applied forces;

determining the deformation of the first layer based on the image information at each
applied force;

estimating the size of the object using 3D interpolation;

determining the stress value for each image from the applied force associated with the
image information that is generated for each image by the imager from light scattered out of
the first layer due to each applied force; and

determining the softness value of the object based on the determined deformation and

stress values.

27. A method of determining the surface or subsurface size of an object using a mobile-
platform imaging device that uses compression of a target region to generate an image of the
object, the mobile imaging device comprising:

a tactile sensor comprising an optical waveguide comprising at least a first layer that
is flexible and transparent, the tactile sensor further comprising at least one light source
configured to direct light into the optical waveguide, wherein the optical waveguide is
configured so that at least some of the light directed into the optical waveguide is scattered
out of the first layer when the first layer is deformed, and wherein the first layer is deformed
by the tactile sensor being pressed against the target region;

a support structure for maintaining the optical waveguide in place when force is
applied to the optical waveguide;

a force sensor that detects a force being applied to press the tactile sensor against the
target region and outputs corresponding force information;

a first communication unit connected to receive the force information from the force

sensor; and
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a receptacle for holding a mobile device having a second communication unit and an
imager so positioned that the imager can generate image information using at least some of
the light scattered out of the first layer;

wherein the first communication unit is capable of communicating with the second
communication unit and the mobile device is capable of communicating with an external
network;

the method comprising the steps of:

obtaining the image information and corresponding force information at a plurality of
applied forces; and

estimating the size of the object using 3D interpolation;

wherein the obtaining step comprises:

obtaining a series of images over a time period while varying the force; and

selecting images from a part of the time period over which the force varies with time

more smoothly and/or more linearly than during other parts of the time period.

28. A method for aligning at least one light source of a platform imaging device that uses
compression of a target region to generate an image of an object, the mobile-platform
imaging device comprising:

a tactile sensor comprising an optical waveguide comprising at least a first layer that
is flexible and transparent, the tactile sensor further comprising at least one light source
configured to direct light into the optical waveguide, wherein the optical waveguide is
configured so that at least some of the light directed into the optical waveguide is scattered
out of the first layer when the first layer is deformed, and wherein the first layer is deformed
by the tactile sensor being pressed against the target region;

a support structure for maintaining the optical waveguide in place when force is
applied to the optical waveguide;

a force sensor that detects a force being applied to press the tactile sensor against the
target region and outputs corresponding force information;

a first communication unit connected to receive the force information from the force
sensor; and

a receptacle for holding a mobile device having a second communication unit and an
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imager so positioned that the imager can generate image information using at least some of
the light scattered out of the first layer;

wherein the first communication unit is capable of communicating with the second
communication unit and the mobile device is capable of communicating with an external
network;

the method comprising the steps of:

applying the tactile sensor with a preselected force to a known object;

processing the image information to identify an asymmetry of the scattered light; and

adjusting the at least one light source to reduce the asymmetry.

29. A method for detecting a cut or damage to the optical waveguide of a mobile-platform
imaging device, the mobile-platform imaging device comprising:

a tactile sensor comprising an optical waveguide with a front surface arranged for
contacting the target region, the optical waveguide comprising at least a first layer at the
front surface that is flexible and transparent, the tactile sensor further comprising multiple
light sources configured to direct light into the optical waveguide, the optical waveguide
configured to substantially constrain the light within the optical waveguide when the optical
waveguide 1s not deformed, wherein the optical waveguide is configured so that at least
some of the light directed into the optical waveguide is scattered out of the first layer when
the first layer is deformed, and wherein the first layer is deformed by the tactile sensor being
pressed against the target region, the tactile sensor including a diffuser positioned adjacent
to the light sources for diffusing light from the light sources to cause the light to distribute
uniformly within the optical waveguide;

a support structure for maintaining the optical waveguide in place when force is
applied to the optical waveguide;

a force sensor that detects a force being applied to press the tactile sensor against the
target region and outputs corresponding force information, the force sensor mounted so as to
permit calculation of an applied force in a direction normal to the front surface of the optical
waveguide;

a first communication unit connected to receive the force information from the force

sensor; and

Date regue/date received 2021-10-21



37

a receptacle for holding a mobile device having a second communication unit and an
imager so positioned that the imager can generate image information using at least some of
the light scattered out of the first layer;

wherein the first communication unit is capable of communicating with the second
communication unit and the mobile device is capable of communicating with an external
network;

wherein a stress value for each image is determined from the applied force associated
with the image information that is generated for each image by the imager from light
scattered out of the first layer due to the respective applied force; and associated with the
image information that is generated for each image by the imager from light scattered out of
the first layer due to the respective applied force; and

wherein a deformation of the first layer is determined based on the image
information;

wherein a softness value of the object is determined based on the deformation and the
stress value;

the method comprising:

applying the tactile sensor with a preselected force to a known object;
processing the image information to identify an asymmetry of the scattered light; and

when the asymmetry exceeds a threshold, indicating a cut or damage to the optical

waveguide.

30. A method of determining the softness of an object in a target region employing a
mobile-platform imaging device that uses compression of the target region to generate an
image of the object, the mobile-platform imaging device comprising:

a tactile sensor comprising an optical waveguide comprising at least a first layer that
is flexible and transparent, the tactile sensor further comprising at least one light source
configured to direct light into the optical waveguide, wherein the optical waveguide is
configured so that at least some of the light directed into the optical waveguide is scattered
out of the first layer when the first layer is deformed, and wherein the first layer is deformed
by the tactile sensor being pressed against the target region;

a support structure for maintaining the optical waveguide in place when force is
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applied to the optical waveguide;

a force sensor that detects a force being applied to press the tactile sensor against the
target region and outputs corresponding force information;

a first communication unit connected to receive the force information from the force
sensor; and

a receptacle for holding a mobile device having a second communication unit and an
imager so positioned that the imager can generate image information using at least some of
the light scattered out of the first layer;

wherein the first communication unit is capable of communicating with the second
communication unit and the mobile device is capable of communicating with an external
network;

the method comprising the steps of:

determining a contact area of the applied force associated with the image information
that is generated for each image by the imager from light scattered out of the first layer due
to each applied force;

determining stress for each image from the contact area of the tactile sensor and the
force information;

determining strain of the optical waveguide for each image from the image
information and the determined stress; and

determining strain of the object for each image from the strain of the optical
waveguide, the contact area, and the stress; and

wherein the step of determining strain of the optical waveguide uses at least one of a
sum of intensities of pixels of the scattered light and an intensity of a maximum intensity

pixel of the scattered light.

31. A mobile-platform imaging device that uses compression of a target region to generate an
image of an object, comprising:

a tactile sensor comprising an optical waveguide with a front surface arranged for
contacting the target region, the optical waveguide comprising at least a first layer at the
front surface that is flexible and transparent, the tactile sensor further comprising at least one

light source configured to direct light into the optical waveguide, the optical waveguide

Date regue/date received 2021-10-21



39

configured to substantially constrain the light within the optical waveguide when the optical
waveguide is not deformed, wherein the optical waveguide is configured so that at least
some of the light directed into the optical waveguide is scattered out of the first layer when
the first layer is deformed, and wherein the first layer is deformed by the tactile sensor being
pressed against the target region, the tactile sensor including a diffuser positioned adjacent
to the at least one light source for diffusing light from the at least one light source to cause
the light to distribute uniformly within the optical waveguide;

a support structure for maintaining the optical waveguide in place when force is
applied to the optical waveguide, the support structure comprising a rigid support for
inhibiting deformation of a rear surface of the optical waveguide opposite of the front
surface, the rigid support configured so as to not obstruct the capture of scattered light from
the optical waveguide;

a force sensor that detects a force being applied to press the tactile sensor against the
target region and outputs corresponding force information associated with the applied force,
the force information permitting calculation of an applied force in a direction normal to the
front surface of the optical waveguide;

a first communication unit connected to receive the force information from the force
sensor and to associate with the force information a force time when the force information
was captured; and

a receptacle for holding a mobile device having a second communication unit and an
imager so positioned that the imager can generate image information using at least some of
the light scattered out of the first layer;

wherein the first communication unit is capable of communicating with the second
communication unit and the mobile device is capable of communicating with an external
network;

wherein a stress value for each image is determined from the applied force associated
with the image information that is generated for each image by the imager from light
scattered out of the first layer due to the respective applied force;

wherein a deformation of the first layer is determined based on the image
information; wherein a softness value of the object is determined based on the deformation

and the stress value; and
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wherein the second communication unit is programmed to control activation of the
imager and, when the imager is activated to capture an image, to associate an image time
with the captured image, and to retrieve from the first communication unit the force
information that was received from the force sensor at the force time that the image was
captured, the second communication unit further programmed to associate the captured

image with retrieved applied force at the common force time and image time.

32. A mobile-platform imaging device that uses compression of a target region to generate
an image of an object, comprising:

a tactile sensor comprising an optical waveguide with a front surface arranged for
contacting the target region, the optical waveguide comprising at least a first layer at the
front surface that is flexible and transparent, the tactile sensor further comprising at least one
light source configured to direct light into the optical waveguide, the optical waveguide
configured to substantially constrain the light within the optical waveguide when the optical
waveguide 1s not deformed, wherein the optical waveguide is configured so that at least
some of the light directed into the optical waveguide is scattered out of the first layer when
the first layer is deformed, and wherein the first layer is deformed by the tactile sensor being
pressed against the target region, the tactile sensor including a diffuser positioned adjacent
to the at least one light source for diffusing light from the light source to cause the light to
distribute uniformly within the optical waveguide;

a support structure for maintaining the optical waveguide in place when force is
applied to the optical waveguide;

a plurality of sensors, each sensor configured to provide a signal for determining a
force being applied by the tactile sensor against the target region, the signals from the
sensors providing information for calculating a force in a direction normal to the front
surface of the optical waveguide;

a first communication unit connected to receive the output signals from the plurality of
sensors and store the output signals; and

a receptacle for holding a mobile device having a second communication unit and an
imager so positioned that the imager can generate image information using at least some of

the light scattered out of the first layer;
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wherein the first communication unit is capable of communicating with the second
communication unit and the mobile device is capable of communicating with an external
network;

wherein a stress value for each image is determined from the applied force associated
with the image information that is generated for each image by the imager from light
scattered out of the first layer due to the respective applied force;

wherein a deformation of the first layer is determined based on the image
information; wherein a softness value of the object is determined based on the deformation
and the stress value; and

wherein the second communication unit is programmed to control activation of the
imager and, when the imager is activated to capture an image, to associate an image time
with the captured image, and to retrieve from the first communication unit the force
information that was received from the force sensor at the force time that the image was
captured, the second communication unit further programmed to associate the captured

image with retrieved applied force at the common force time and image time.

33. The method of claim 30 further comprising the steps of:
calculating a size and a stiffness of the object; and
computing a tumor risk index as a weighted sum of the size and the stiffness of the

object.

34. The method of claim 30 further comprising the steps of:
calculating a size, an elasticity and a depth related to the object; and
classifying the object as malignant or benign using a convolution neural network based

on the size, elasticity, and depth information.
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