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(57) ABSTRACT

Described herein are devices and methods useful in auto-
mating ultrasound imaging. The device include a base
coupled with soft robotics, which may be attached to an
ultrasound transducer probe in order to robotically manipu-
late the probe to perform an ultrasound scan. The device has
an adjustable structure configured to hold the probe on a
walking soft robot. The device can be configured to be
attached to, or worn by, the patient. With soft robotic
actuation and locomotion, the holder can move and position
the probe during a real time ultrasound scanning procedure.
Furthermore, the holder may be equipped with sensors to
sense and map pressure and location. The position of the
holder can be robotically monitored and controlled so as to
achieve consistency and reproducibility between ultrasound
scans. Due to the wearable nature of the holder, the scans
may be conducted while the patient is in motion, thereby
providing a portable solution for ultrasonic imaging. The
holder is cost effective and may be used in conjunction with
various ultrasound probes.
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ULTRASOUND TRANSDUCER HOLDER

BACKGROUND OF THE INVENTION

[0001] Ultrasound imaging is a routine method for probing
the human body and for use in various diagnostic tests.
Generally, an ultrasound transducer is manually placed onto
the body by a technician (a sonographer) and an image is
viewed in real time on a monitor (FIGS. 1A-1B). After
viewing the image, the technician then moves the probe to
obtain a desired image scan. Due to its manual nature, the
output of an ultrasound procedure is highly dependent on the
experience and capability of the technician performing the
procedure. The results from an ultrasound procedure are not
always reproducible between different technicians or scans.
Furthermore, the manual process can be tiring for the
technician and can cause musculoskeletal disorders due to
sustained forces applied in unnatural positions. Thus, a need
exists for an ultrasound device that can automate the process
of performing ultrasound imaging in order to achieve uni-
form, consistent, and reproducible ultrasound images.

SUMMARY OF THE INVENTION

[0002] Described herein are devices and methods useful in
automation of ultrasound imaging. In one aspect, the inven-
tion features an ultrasound transducer holder including a
base for holding and/or positioning an ultrasound transducer,
and one or more (e.g., 2, 3,4, 5, 6,7, 8,9, or 10) actuatable
arms attached to the base. The actuatable arm includes a
flexible molded body having a plurality of interconnected
chambers disposed within the molded body, and a pressur-
izing inlet that is configured to receive fluid into the plurality
of interconnected chambers, such that the molded body is
configured to expand when the plurality of interconnected
chambers are pressurized by the fluid, thereby moving the
base and/or the transducer upon actuation of the arm. The
ultrasound transducer holder may further include an ultra-
sound transducer contacting the base, to form an ultrasound
transducer assembly. The holder or assembly is portable and
can be attached to or wearable on the body. The transducer
may be affixed to the base (e.g., with a strap, Velcro®, snaps,
friction fit, fastener, or other retaining mechanism). The
holder or assembly may be affixed to a patient (e.g., a human
patient) with a strap, Velcro®, snaps, friction fit, fastener, or
other retaining mechanism.

[0003] The actuatable arms of the ultrasound transducer
holder include a flexible molded body having an elastically
extensible material and a strain-limiting material having a
higher elastic modulus relative to the elastically extensible
material.

[0004] The base of the ultrasound transducer holder may
be composed of a rigid material (e.g., plastic) and may also
include a center hole that is sized (e.g., 10-100 mm) and
shaped (e.g., circle, square, hexagon, or octagon) to sur-
round or fit a transducer. The holder may further include a
top frame attached to the base. The top frame and the
actuatable arms may be adjustable in height. The top frame
may include a rotary guide frame, which can control the
rotation angle of the ultrasound transducer. The ultrasound
transducer holder may further include a sensor, such as a
pressure sensor or photo sensor. The pressure sensor may be
located on the one or more actuatable arms. The photo
sensor may be located on the ultrasound transducer. The
ultrasound transducer holder may further include a micro-
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processor, for example, to control the actuatable arms or to
manipulate the holder in order to move the ultrasound
transducer to achieve a desired ultrasound parameter (e.g.,
pressure, alignment, rotation angle, or tilt angle). The holder
is configured to achieve a tilt angle of the transducer that
may vary between about 0.1° and 30° and the holder is
configured to produce a rotation angle of between 0° and
360°.

[0005] In another aspect, the invention features a method
of performing an ultrasound procedure (e.g., an echocardio-
gram) using the ultrasound holder of any of the above
aspects with an ultrasound transducer. The method includes
providing the ultrasound holder assembly, initiating a series
of pressurizations and depressurizations in the actuatable
arm(s) that bring the ultrasound transducer into contact with
a target object (e.g., a subject), and emitting ultrasound
waves from the transducer to image the target object. The
series of pressurizations and depressurizations may adjust a
height, pressure, alignment, rotation angle, or tilt angle of
the holder, and, thus, the transducer, relative to the target
object. The series of pressurizations and depressurizations
may also move the transducer along a target object. The
method may be used to manipulate the holder in order to
move the ultrasound transducer to achieve a desired ultra-
sound parameter (e.g., one or more of pressure, alignment,
rotation angle, and tilt angle).

[0006] In the methods described above, the ultrasound
procedure may be used to produce an echocardiogram of a
patient’s heart or a musculoskeletal image. The echocardio-
gram may be used to determine size, shape, and motion of
the patient’s heart. The echocardiogram may show images of
four chambers of the heart, heart valves, walls of the heart,
blood vessels entering and exiting the heart, and/or the
pericardium of the heart (e.g., while in motion). The ultra-
sound procedure may be used in real-time imaging in motion
scenarios, such as during musculoskeletal diagnosis, predic-
tion, and/or ultrasonic therapy for chronic musculoskeletal
disorders. The ultrasound procedure may also be used during
pandemic, epidemic, or contagious disease control scenarios
where the ultrasound scans can be conducted without the
need for direct healthcare professional or technologist inter-
vention or contact with the patients (e.g., autonomously,
such as without (or with minimal) human intervention (in
particular, controlled by a computer)).

[0007] In another aspect, the invention features a kit
comprising the ultrasound transducer holder of any of the
above aspects and an ultrasound transducer. The kit may
further include instructions for combining the ultrasound
transducer holder and the ultrasound transducer to produce
an ultrasound transducer assembly or instructions for using
one or more of the transducer holder, the ultrasound trans-
ducer, or the ultrasound transducer assembly.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1A is a schematic drawing of a technician
performing an ultrasound on a patient.

[0009] FIG. 1B is a schematic drawing of different trans-
ducer placements to view certain regions of the cardiovas-
cular system.

[0010] FIG. 2 is a schematic drawing adapted from [hnat-
senka et al. (Int. Jour. Shoulder Surg.. 4:55-62, 2010),
showing the four parameters of ultrasound: pressure, align-
ment, rotation, and tilt.
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[0011] FIG. 3A is a schematic drawing of an automated
mapping walking soft robotic spider holding an ultrasound
transducer. Shown is photo sensor (32) on transducer probe
(30) and pressure mapping sensor (34) on actuatable arm
(20).

[0012] FIG. 3B is a schematic drawing of a rotary guide
frame shown in two different orientations. The rotary guide
frame can control the circular motion of the ultrasound
transducer.

[0013] FIGS. 4A-4B are schematic drawings of a Telemed
PV 6.5/10/1287-3 ultrasound transducer showing dimen-
sions in mm of the front (FIG. 4A) and side (FIG. 4B) views.
[0014] FIG.5is a schematic drawing of an ultrasound base
(10) configured to hold an ultrasound transducer. Center
hole (12) has an octagon shape into which the transducer can
fit. The outer cubic protrusions contain cylindrical recesses
(14) into which the soft robotic actuatable arms can fit for
vertical locomotion. Other cylindrical recesses/holes (18)
are shown into which the linear soft robotic actuatable arms
fit for moving the probe in the octagon center hole (12),
[0015] FIGS. 6A-6C are schematic drawings showing a
side view (FIG. 6A), an elevation view (FIG. 6B) and top
view (FIG. 6C) of the base (10) showing dimensions in mm.
[0016] FIG. 7 is a schematic drawing of a soft robotic
actuatable arm (20).

[0017] FIGS. 8A-8E are schematic drawings showing
multiple perspectives of a soft robotic actuatable arm with
dimensions labeled in mm. FIG. 8A is a top view of
actuatable arm (20). FIG. 8B is a side view of actuatable arm
(20). FIG. 8C is a bottom view of actuatable arm (20). FIG.
8D is an elevation view of actuatable arm (20). FIG. 8E is
an exploded view showing the location of linear actuators
(22), which can fit into hole/recess (18) of base (10).
[0018] FIGS. 9A-9C are schematic drawings showing a
side perspective view (FI1G. 9A), a bottom perspective view
(FIG. 9B), and a top perspective view (FIG. 9C) of the
ultrasound transducer base (10) connected to four soft
robotic actuatable arms (20).

[0019] FIG. 10A is a schematic drawing of a base (10)
connected to four soft robotic actuatable arms (20) that can
adjust the height of the base.

[0020] FIG. 10B is a schematic drawing of a base (10)
connected to four soft robotic actuatable arms (20) that can
rotate the angle of the base.

[0021] FIGS. 11A-11B are schematic drawings showing a
top perspective view (FIG. 11A) and side perspective view
(FIG. 11B) of base (10) connected to four actuatable arms
(20) and top frame (16) that can control the height of an
ultrasound transducer. Top frame (16) rides on the four
pillars (24) and may be adjustable in height and can be
locked at various heights (e.g., using stop screws or height-
adjusting actuators).

[0022] FIGS. 12A-12D are schematic drawings illustrat-
ing 460 (FIG. 12A), 80 (FIG. 12B), 12° (FIG. 12C), and 16°
(FIG. 12D) tilt angles of the ultrasound transducer holder.
With reference to FIGS. 11A-11B, the angles shown corre-
spond to the movement of a transducer that is held in top
frame (16). The angular position of the transducer held
within hexagonal hole (12) of base (10) is adjusted by
actuation of horizontal actuatable arms positioned within
hole/recess (18). Measured lengths are in millimeters (mm).
[0023] FIGS. 13A-13B are schematic drawings illustrat-
ing a side view (FIG. 13A) and top view (FIG. 13B) of
exterior ergonomic shapes of the transducer holder assembly
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with base (40) and actuatable arms (50). FIG. 13 A shows the
transducer probe (30) contacting the base (40).

[0024] FIGS. 14A-14B are schematic drawings illustrat-
ing a holder and a transducer moving in a downwards (FIG.
14A) and upwards (FIG. 14B) motion to image a blood
vessel underneath the skin.

[0025] FIGS. 15A-15C are schematic drawings of actu-
atable arms. FIG. 15A shows an actuatable arm with pres-
surizing air inlet (36). By filling one or both air chambers
(38), the actuatable arms can bend or elongate. FIGS.
15B-15C show alternative types of baffle actuators with air
inlets (36) and air chambers (38).

[0026] FIG. 16 is a schematic drawing of ultrasound
transducer assembly (70) with locomotive actuators (20),
linear actuators (22) and probe (30). Locomotive actuators
(20) can be used to adjust the vertical alignment (e.g., up or
down) of transducer assembly (70), while linear actuators
(22) can be used to adjust the angular position (e.g., relative
to a target surface) of probe (30).

[0027] FIG. 17 is a diagram showing various areas on the
body where ultrasound imaging may be performed.

[0028] FIG. 18 is a flow chart depicting how a micropro-
cessor can be used to control various movements via sensory
feedback.

DETAILED DESCRIPTION

[0029] Described herein are devices and methods to per-
form automated ultrasound imaging using soft robotic tech-
nology. The devices feature an ultrasound transducer holder
with a base for holding an ultrasound transducer and at least
one or more (e.g., 2, 3, 4, 5, or more, in particular, 4)
actuatable arms attached to the base. The actuatable arm has
a flexible molded body with a plurality of interconnected
chambers disposed within the molded body. The actuatable
arm contains a pressurizing inlet to receive a fluid (e.g., air)
into the interconnected (e.g., semicircular) chambers. When
the fluid (e.g., air) pressurizes the chambers, it actuates the
arm, causing the base to which it is attached to move. The
transducer holder can be connected to an ultrasound trans-
ducer in order to perform ultrasound imaging on a subject
(e.g., a human).

[0030] The soft robotic transducer holder can be used to
manipulate a transducer probe along four physical param-
eters when performing an ultrasound scan: pressure, align-
ment, rotation, and tilt (FIG. 2). The ultrasound transducer
holder produces reproducible ultrasound images when used
during an ultrasound procedure. Ultrasound imaging can be
automated when using the ultrasound imaging holder, elimi-
nating or reducing the need for, or involvement of, a
technician to manipulate the ultrasound transducer during
the ultrasound procedure. The methods may help to enhance
reproducibility and minimize variation between scans. Addi-
tionally, the proposed automation solution and ergonomic
designs eliminate the potential for musculoskeletal disorders
in sonographers due to sustained forces applied in unnatural
positions. The automation solution also allows for increased
efficiency in performing an ultrasound scan by reducing user
error(s) and reduces the risk of injury or tiredness. Other
advantages of using the holder include use as a training
device for new technicians to guide them on proper place-
ment and pressure of the ultrasound probe.
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Ultrasound Imaging

[0031] Ultrasound imaging is a diagnostic imaging tech-
nique that uses sound waves with frequencies that are higher
than 20 kHz (e.g., higher than 2 megahertz), the audible limit
of human hearing. The technique works by producing a high
frequency sound wave, which is focused by the shape of an
ultrasound transducer, a lens on the transducer, or a complex
set of control pulses from the ultrasound scanner. The sound
waves then travel into the body and are reflected from the
various layers and structures inside the body. The reflections
produce echoes, which are received by the transducer, which
then takes the vibrations and converts them into a digital
image. The short wavelength of the sound waves allows
resolution of small internal details in structures and tissues
in high resolution. Therefore, ultrasound imaging is useful in
medicine for diagnostic and therapeutic purposes. Ultra-
sound is a well-established technique that has been
described, for example, in Thnatsenka et al. (Int. Jour.
Shoulder Surg. 4:55-62, 2010) and U.S. Pat. Nos. 4,222,274
and 4,317,370, the disclosures of which are hereby incor-
porated by reference in their entirety.

[0032] To collect a useful ultrasound scan, a technician
manipulates the transducer to achieve the correct pressure,
alignment, rotation angle, and tilt angle on the skin.
[0033] Ultrasound transducers, also known as probes, can
be transmitters, receivers, or transceivers. Transducers can
convert electrical signals into ultrasound, convert ultrasound
into electrical signals, or both. They emit or receive signals,
and can reconstruct an image by calculating the time
between emission, reflection, and receipt of ultrasound sig-
nals.

[0034] An echocardiogram is one type of diagnostic test
that uses ultrasound imaging. An echocardiogram is used to
image different parts of the heart. This can be used to probe
the structure and function of the heart, check the thickness
and movements of the heart wall, observe the heart valves,
measure the size and shape of the heart’s chambers, and
check the ability of the heart chambers to pump blood.
Furthermore, an echocardiogram may be used to detect a
disease (e.g., cardiomyopathy) or look for blood clots.
Echocardiogram technology has been described, for
example, in Armstrong, William F., and Thomas Ryan
(Feigenbaum’s echocardiography. Lippincott Williams &
Wilkins, 2012), and U.S. Pat. Nos. 3,954,098 and 4,106,492,
the disclosures of which are hereby incorporated by refer-
ence in their entirety. Furthermore, automated processes,
artificial intelligence, and computational software have been
used to optimize echocardiograms. This is described, for
example, in Maret et al. Cardiovasc. Ultrasound 6:55, 2008,
which is hereby incorporated by reference in its entirety. The
devices and systems described herein improve on this pro-
cess by optimizing the orientation of the ultrasound trans-
ducer within the ultrasound holder. Exemplary ultrasound
transducer probes are manufactured by, e.g., Telemed (e.g.,
PV 6.5/10/1287-3), Philips Medical, Promed, and Easote,
incorporated herein by reference.

Ultrasound Transducer Holder

[0035] The devices described herein include a soft robotic
holder including base (10), which supports ultrasound probe
(30) on one or more (e.g., four) actuatable arms (20) (e.g.,
as a walking soft robot (FIG. 3A)). The robotic holder is
configured to position ultrasound probe (30) during an
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ultrasound imaging procedure. The robotic holder can be
adjusted to adapt to various sizes and shapes of available
probes (FIGS. 4A-4B). Probe (30) may be held in top frame
(16) attached to base (10) and soft robotic actuators (20, 22)
from the bottom or sides can move probe (30) to the desired
position or angle (FIG. 3B). The location of probe (30) can
be measured with respect to the frame via photo sensors
(32), which can be attached to probe (30), arms (20) or base
(10).

[0036] The ultrasound holder may also contain a pressure
mapping system, which can be located, e.g., on the bottom
of soft robot arm (20). Transducer probe (30) may also
function as a pressure mapping probe. For example, probe
(30) or sensor (34) on the probe can measure pressure
applied and/or maintain steady pressure for accurate imag-
ing over an extended period of time.

[0037] Soft robotic locomotion can be used to move a
transducer probe around and conduct automated ultrasound
scanning. The height of the soft robot can be adjusted so that
it can impart various pressures and tilt positions. The holder
can be configured to maintain the probe in a stationary
position when taking images or can be configured to change
position and orientation of the probe to various locations
during or between imaging. FIG. 16 shows how the probe is
held in place in the assembly. Linear actuators (22) are
arranged horizontally and push on probe (30), to alter its
angle. The holder may be portable, wearable, dynamic,
maneuverable, and ergonomic (FIGS. 13A-13B). The com-
ponents of the ultrasound transducer holder are described
below.

[0038] Base

[0039] Base (10) of the holder (FIGS. 5, 6A-6C) may be
made of any light and rigid material (e.g., plastic, such as
acrylonitrile butadiene styrene (ABS)), and is configured for
holding the soft robotic elements and probe (30). Base (10)
may also support top frame (16) (see, e.g., FIGS. 11A-11B),
which can be used to hold transducer probe (30) in place.
Base (10) may contain center hole (12) that is sized and
shaped (e.g., circle, square, hexagon, and octagon) to
accommodate transducer probe (30). Hole (12) may have a
diameter of 10 mm to about 100 mm. Each side of the base
may be, for example, from about 10 mm to about 30 cm.

[0040]

[0041] Transducer base (10) contains soft robotic actua-
tors connected to or integrated into base (10). The actuators
include air inlets (36) and may include multiple internal fluid
(e.g., air) channels (38) (FIGS. 15A-15C). For example,
actuatable arm (20, 22) may be cylindrical in shape with two
semicircular air channels (38) or chambers. By actuating one
of the channels, it may cause the arm to bend. By inflating
the other channel, it may cause the arm to bend in the
opposite direction. By inflating both channels (38), it may
cause the arm to elongate. The actuatable arms may be from
about 10 mm to about 20 cm (e.g., 100 mm, 200 mm) long.
Soft robotic actuators (20, 22) may be made of any soft
materials such as silicone (e.g., Ecoflex 00-30). Exemplary
actuators are linear actuators (22) and locomotive actuators
(20) (FIG. 8E).

[0042] Base (10) may contain linear actuatable arms (22)
(e.g., 2,3, 4, or more, in particular 4) (FIGS. 8E, 16) that can
move in a specific direction (e.g., horizontally inwards
against the probe) to move transducer probe (30) in a
selected direction (e.g., translated horizontally, angled, or

Soft Robotic Actuators (Linear and Locomotive)
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rotated). Based on the actuation distance, the tilt angle of the
transducer can be changed (FIGS. 12A-12D).

[0043] Base (10) may contain locomotive actuators (20),
which may reside in base (10) but are vertical and provide
vertical adjustment when actuated (FIGS. 7, 8A-8E, 9A-9C).
The locomotion actuators (e.g., 2, 3, 4, or more, in particular
4) provide multiple types of movements, such as elongation,
bending, rotation and locomotion (FIGS. 10A-10B). Based
on these movements, the vertical height of transducer (30)
may be adjusted. Additionally, the rotation angle and posi-
tion can be changed when the soft robot moves. Locomotive
actuators (20) may also provide grip as they can bend around
their target, such as a body part. Suction cups may be added
at the bottom of the actuators to hold the device in place. The
actuators may protrude radially from the base such as in a
spider-like configuration (FIG. 3A).

[0044] Top Frame

[0045] The transducer holder may also include a top frame
an additional attachment that can be added as a top compo-
nent to a base. An example is top frame (16) shown in FIGS.
11A and 11B. Top frame (16) may be adjustable in height
(e.g., from about 10 mm to about 30 cm). Top frame (16) can
hold the transducer from a fixed point from which angular
deflection of the transducer can occur. Top frame (16) may
be made of any light and rigid material (e.g., plastic, such as
ABS). The inner piece may be configured to split in half so
that top frame (16) can be snapped around probe (30). Top
frame (16) may also contain arms (24) that control the
distance between top frame (16) and base (10). Arms (24)
may be extendable or collapsible in order to adjust their
length. Arms (24) may collapse by a telescopic mechanism
and be precisely controlled, e.g., with stop screws or hydrau-
lic pressure. Alternatively, top frame (16) may be configured
to move up and down, while arms (24) remain fixed.
[0046] Top frame (16) or base (10) may also contain rotary
guide frame (60) (FIG. 3B), which allows rotation around
the rotary track and linear motion in the slot of the ultra-
sound transducer to achieve a proper rotation angle. Each
side of top frame (16) may be, for example, from about 10
mm to about 30 cm.

[0047] Top frame (16) can be connected to base (10) by,
e.g., screws, friction fit (e.g., arms (24) can be inserted into
a receiving port on base (10), snaps, or other attachment
methods. Arms (24) may extend from about 10 mm to about
150 mm in length.

[0048] Belt

[0049] A belt or strap may be used to hold assembly (70)
in place and secure it to a subject, e.g., if the patient is not
stationary or the ultrasound transducer holder does not easily
rest on the surface being probed with the ultrasound trans-
ducer. A belt may allow the scan to be conducted in both
dynamic and static positions. The belt may be composed of
any suitable material (e.g., Velcro®) to aflix the device to a
patient. A belt or strap may also be used to affix the
ultrasound transducer to holder or base (10). Velcro®, snaps,
friction fit, or any other retaining mechanism may also be
used.

[0050] Sensors

[0051] The ultrasound transducer holder and the ultra-
sound transducer may include sensors that allow the ultra-
sound transducer assembly to measure different sensory
conditions (e.g., pressure and position). The sensors may be
thin and flexible and can give feedback on sensory param-
eters (e.g., pressure). For example, actuatable arms (20) can
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be modified with pressure sensor (34) that allows the detec-
tion and mapping of pressure against the skin. Pressure
sensor (34) may be attached or affixed to the surface of one
or more of actuatable arms (20) or transducer (30) as a
modular component or integrated into base (10), e.g., into a
surface of base (10). The ultrasound transducer may also
contain photo sensor (32), which can be used to track the
position of transducer (30) (FIG. 3A).

[0052] The pressure sensor can constantly measure pres-
sure exerted on the skin by the transducer assembly. If the
pressure goes above or below a functional limit of perform-
ing an ultrasound (e.g., greater than or less than 0.001 psi,
0.005 psi, 0.01 psi, 0.05 psi, 0.1 psi, 0.2 psi, 0.3 psi, 0.4 psi,
0.5 psi, 0.6 psi, 0.7 psi, 0.8 psi, 0.9 psi, 1 psi, 2 psi, 3 psi,
4 psi, 5 psi, 6 psi, 7 psi, 8 psi, 9 psi, 10 psi, 20 psi, 30 psi,
40 psi, 50 psi, 60 psi, 70 psi, 80 psi, 90 psi, or 100 psi), the
device can alert the user. Table 1 lists types of sensors that
may be used with the devices described herein.

TABLE 1

Types of Sensors

Sensors Catalog # Manufacturer ~ Supplier

Pressure Flexiforce A301  Tekscan South Boston, MA,
USA

Pressure Flexiforce A401  Tekscan South Boston, MA,
USA

Position sensor Flexipot Tekscan South Boston, MA,
USA

Photo sensor PR-G Sensors Keyence Itasca, IL, USA

[0053] Microprocessor

The ultrasound transducer holder may further include a
microprocessor connected to the sensors. A microprocessor
(e.g., Arduino Uno R3 from SparkFun, Niwot, CO) may be
connected to the sensors by an electrical wire or wirelessly
to interpret, characterize, and store data and information
collected by sensors (32, 34). The microprocessor can take
the input stimuli from the sensory data and convert that into
an output decision (e.g., robotic motion). The microproces-
sor may also be used to control the actuation steps of the
ultrasound transducer holder by initiating a series of pres-
surization and depressurization steps to provide the robotic
motion of the arms. The computer algorithms of the micro-
processor may be controlled (e.g., by a user interface) to
initiate the arms to perform a desired movement or function.
The microprocessor may also be used control one or more of
the ultrasound parameters (e.g., pressure, angle, rotation,
and tilt).

[0054] The microprocessor may contain a computational
algorithm (FIG. 18) to enable sensory feedback of sensors
(32, 34) on the device. For example, assembly (70) rests in
a starting position. Upon initiation of the actuatable arms
(e.g., locomotive and/or linear actuators), base (10) and
probe (30) move to a new position or angle. Sensors (32, 34)
may then collect information pertaining to the pressure,
location, and orientation of ultrasound probe (30). This
sensory information is then sent as feedback to the micro-
processor. An ultrasound image(s) may then be captured by
transducer probe (30) or, if necessary, the microprocessor
may initiate new movements by locomotive actuators (20) to
achieve a desired alignment or position.
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Soft Robotics

[0055] The soft robotics structure of soft robotic actu-
atable arm (20, 22) may be made with elastic materials that
provide flexibility, bendability, adjustability and customiza-
tion of the gripping component. Examples of materials that
can be used include two part silicone rubber (e.g., Ecoflex
00-30 and Elastosil® 4601), silicone (e.g., PDMS), rubber,
latex, polyurethanes, various vulcanized rubber, and poly-
meric materials. Additionally, soft robotics provide larger
degrees of freedom of motion and higher sensitivity to
enable grasping delicate objects as compared to hard robot-
ics. Soft robots are safer, more flexible, inexpensive, and can
conform better to the objects.

[0056] Soft robotics can make use of elastic polymers to
provide the variability of functional movements achieved by
actuatable arms (20, 22). Soft robotics also entails using
pneumatically driven actuators that are fluidly coupled to
sealed chambers. The chambers fill with air, through a
pressurizing inlet and expand arms (20) in specific direc-
tions. Pressurizing inlet (36) is connected to a source of air
(FIG. 7). The actuation pressure, materials, rubber skin
thickness, mechanical properties, and restraints of various
areas of actuatable arms (20, 22) can be adjusted to modulate
the functionality of ultrasound transducer holder (10). The
molded body of actuatable arm (20, 22) can be made from
a soft silicone material in the durometer range of Shore
00-30 to Shore 30A. Motion may be generated by inflating
one or more air chambers (38) of the locomotion actuators
(FIGS. 15A-15B). As soft robotic arms (20, 22) create
motion, the position of base (10) and transducer probe (30)
changes (FIG. 18).

[0057] Soft robotic actuators have been described, for
example, in U.S. Pat. No. 9,464,642, the disclosure of which
1s herein incorporated by reference. A fluid source, such as
a squeeze bulb, gas canister, or air pump may be connected
to actuatable arms (20, 22) by, e.g., a hose, and used to fill
air chambers (38) and actuate arms (20, 22). The fluid source
may provide a series of pressurization and depressurizations
to control the precise movements of actuatable arms (20,
22). The pressurization and depressurization steps may be
computationally controlled (e.g., by a microprocessor) to
perform the specific movements and motions of arms (20,
22). The pressure settings of the fluid source (e.g., increase
or decrease) may also be modulated to control these pres-
surization and depressurization steps. Each arm (20, 22) may
have a single inlet, each of which is connected to a single
fluid source. Alternatively, arm (20, 22) may have more than
one (e.g., 2, 3, 4, and 5) inlets to receive a fluid or two or
more arms (20, 22), or each arm (20, 22), may be actuated
by a separate fluid source.

[0058] Strain is a measurement of relative deformation of
a material from a reference configuration. A deformation
results from a stress induced by an applied force, such as a
pressurizing force from air, a fluid or gas. A material with a
high elastic modulus will not deform as much under the
same stress as a material with a low elastic modulus.
Materials with a lower stiffness (e.g., Young’s Modulus) or
elastic modulus are more expansible or extensible, while
materials with a higher stiffness or elastic modulus are less
expansible or extensible and can function as the skin layer
in actuatable arm (20).

[0059] Furthermore, different portions, layers, or compart-
ments of the molded body of actuatable arms (20, 22) may
be composed of one or more different materials or materials
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with different thicknesses, so as to provide different
mechanical properties in different regions of arms (20, 22).
A layer of the material may be comprised of two or more
different materials (e.g., rubber embedded with graphite). By
using additives to layers or regions, the stiffness of the
material can be increased or decreased. By tailoring the
mechanical properties of each portion, layer, or compart-
ment, arms (20, 22) can be customized to conform to specific
shapes.

Uses

[0060] The soft robotic holder, when coupled with an
ultrasound transducer is used to perform an ultrasound
procedure on a target object. The target object may be any
body part on a subject, (e.g., a human). The assembly is
prepared by affixing ultrasound transducer probe (30) into
base (10), e.g., with a strap. Assembly (70) is then placed on
the body, and may be affixed, e.g., with a strap, to a specific
body part. An ultrasound technician may physically move,
or a microprocessor may be programmed to move, ultra-
sound transducer assembly (70) by initiating a series of
pressurization and depressurization steps to move actuatable
arms (20) on base (10). By actuating arms (20), the assembly
can crawl or walk on the body to a specific location. The
technician obtains the correct pressure, alignment, rotation,
and tilt to achieve an acceptable quality of an ultrasound
image. Fach parameter is controlled by different combina-
tions of physical movements of actuatable arms (20, 22) and,
if desired, rotary guide frame (60). For example, the actua-
tors may move linearly to progress forwards, backwards,
left, or right on the target object. Additionally, linear actua-
tors (22) may push against probe (30) to control the tilt angle
or orientation of the probe. Rotary guide frame (60) may
rotate probe (30) or actuators (20) may curl or bend around
an object to provide torque and rotate the base (FIG. 10B).
Actuators (20), top frame (16), or top frame arms (24) may
be adjustable in height, thereby applying more or less
pressure on the target (FIGS. 11A-11B, 14A-14B). Photo
(32) or pressure (34) sensors may be used as a feedback
mechanism to map the pressure applied to the skin and the
relative orientation of the probe on the target object. A
combination of changes in height and rotation may adjust
the tilt angle of the transducer probe.

[0061] Either during, or after moving the probe to a
desired location, the ultrasound transducer emits ultrasonic
waves to initiate imaging of the target object. Multiple
imaging scans can be performed while moving the probe to
test the quality of a given probe orientation. The technician
can then move assembly (70) to a new location to acquire
more ultrasound images until the procedure is complete.
[0062] The devices and methods described herein may be
useful for any type of ultrasound procedure. They may be
useful to view any type of body part (e.g., blood vessels (see,
e.g., FIG. 14A-14B), internal organs (e.g., heart, breast,
lung, liver, kidney, stomach, and spleen), tendons, and
internal cavities (e.g., abdomen)). It can be used to look at
the walls of the abdomen to check for any fluids or as part
of routine prenatal care to track fetal development during
pregnancy. Body parts that may be visualized by ultrasound
imaging are shown in FIG. 17.

[0063] The soft robotic holder and ultrasound transducer
may also be used for diagnosing patients suffering from
contagious diseases or epidemics where the diagnostic test
can be done autonomously using ultrasound imaging.
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[0064] The ultrasound holder and ultrasound transducer
may also be used as a training mechanism to train or assist
an ultrasound technician in order to reduce time and to
collect automated images.

[0065] The ultrasound holder and ultrasound transducer
may also be used to apply ultrasound therapy to a patient,
e.g., during physical therapy.

[0066] The ultrasound transducer holder and ultrasound
transducer can also be used in anesthesiology procedures to
guide a user during needle injection, in angiology proce-
dures to diagnose arterial and venous disease, in emergency
medicine to assess pericardial tamponade after trauma (e.g.,
Focused Assessment with Sonography for Trauma (FAST)),
in gastroenterology procedures to probe inflammation of
solid organs, in head and neck surgery to visualize tumors
and lesions, in neonatology to assess intracerebral structural
abnormalities, in neurology to assess blood flow in the
carotid arteries, in obstetrics to track fetal development, in
ophthalmology to image the eyes, in pulmonology to visu-
alize endobronchial lesions and nodes prior to aspiration, in
urology to determine bladder fluid retention, in musculo-
skeletal medicine to image fractures, and in cardiovascular
medicine to assess arterial obstructions and deep vein throm-
bosis.

[0067] Common musculoskeletal areas or conditions that
can be diagnosed or imaged with ultrasound include, for
example, tendon tears, tendinitis of the rotator cuff in the
shoulder, Achilles tendon in the ankle and other tendons
throughout the body, muscle tears, masses or fluid collec-
tions, ligament sprains or tears, inflammation or fluid (effu-
sions) within the bursae and joints, early changes of rheu-
matoid arthritis, nerve entrapments, such as carpal tunnel
syndrome, benign and malignant soft tissue tumors, gan-
glion cysts, hernias, foreign bodies in the soft tissues (such
as splinters or glass), dislocations of the hip in infants, fluid
in a painful hip joint in children, neck muscle abnormalities
in infants with torticollis (neck twisting), and soft tissue
masses (lumps/bumps) in children.

[0068] The ultrasound transducer holder can be used with
an ultrasound transducer to assist in analyzing the condition
of a joint, ligaments, muscles and nerves, for example, while
the patient is at rest or in motion. This can be useful for
producing an image when the patient is in pain or experi-
ences spasms during particular motions. The transducer
holder is portable and allows for hands-free operation of the
ultrasound device, such that a technologist would not be
required to hold and manipulate the transducer in a certain
position in order to administer the ultrasound. For example,
the ultrasound transducer holder may be used with an
ultrasound transducer to monitor rotator cuff’ disease or
tendon tears of the ankle. A series of imaging tests assists in
diagnosing the symptoms and predicting positions that cause
pain using artificial intelligence and data mining from cap-
tured images. The ultrasound transducer holder may be used
with an ultrasound transducer that delivers ultrasound thera-
peutic energy. This may be used for rehabilitation of chronic
pains. The ultrasound holder can be used with an ultrasound
transducer to map a path for the ultrasound therapy.
[0069] The ultrasound transducer holder may be used with
an ultrasound transducer during a stress test, which involves
obtaining a stress echocardiogram. During a stress echocar-
diogram, the ultrasound transducer measures Left Ventricu-
lar Ejection Fraction (LVEF) and Left Ventricular Outflow
Tract (LVOT) when the patient is exercising and at rest. In
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a stress echo test, the echocardiogram is obtained at rest in
a sleep position on left side. The patient will then typically
exercise on a treadmill and an echocardiogram is obtained
after exercise at rest in the sleep position again. The ultra-
sound scan is obtained while the patient is in stationary
position following the exercise to measure the Left Ven-
tricular Ejection Fraction (LVEF) and Left Ventricular Out-
flow Tract (LVOT). The holder can be attached to the patient
with the soft robotic holder and used to position the ultra-
sound transducer, such that a real time ultrasound scan can
be taken while the patient is in motion or at rest.

[0070] The ultrasound transducer holder may be used to
position an ultrasound transducer in an ultrasound procedure
during a pandemic, epidemic, or contagious disease scenario
so that the ultrasound technologist does not have to be in the
room with the patient during the ultrasound procedure as a
result of the automation of the transducer holder (e.g., when
there are an insufficient number of medical personnel to
perform the procedure or when there may be an exposure
risk to the medical personnel when coming into contact with
the patient).

EXAMPLES

[0071] The following examples are intended to illustrate,
rather than limit, the disclosure.

Example 1. Actuation of a Soft Robotic Ultrasound
Transducer Holder

[0072] The soft robotic actuator (20, 22) has an air inlet
(36) and two semicircular air channels (38) and can move in
different directions based on air flow. If one chamber (38) is
pressurized, then the soft actuator (20, 22) bends. If both air
chambers (38) are pressurized, then the soft actuator (20, 22)
elongates and gives linear actvation. If various actuators are
controlled with an on/off pulse, the actuators can walk.

[0073] Linear actuators (22) are placed in the holder base
horizontally. The holder has a center recess of 50.8 mm on
the octagon and the probe has a diameter of 25.4 mm, so
there is a clearance gap of 25.4 mm to which probe (30) can
be tilted. The angle relationship is given in Tables 2 and 3.

TABLE 2

Tilt angle with linear actuator movement

Actuator Movement (mm)

6.35 12.70 19.05 254
Tilt Angle, degrees 4° 8° 12¢ 16°
TABLE 3

Vertical height adjustment with tilt angle

Tilt Angle, degrees

4° 8° 12¢ 16°

Height change (mm) 0.34 1.36 3.05 541

[0074] Movement of assembly (70) occurs by actuating
the locomotive actuators (20) on the bottom of base (10).
These four actuators elongate when inflated in both cham-
bers and retract when deflated in both chambers thus giving
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a crawling motion. Actuating one chamber (38) of actuator
(20) causes a bending motion around uninflated chamber
(38), thus raising the height and giving an inchworm like
movement. Other movements include climbing and rotating.
All these movements may be achieved using air inflation in
chamber (38). The actuator is 50.8 mm long and can be
inflated up to 88.9 mm long to perform a movement up to
12.7 mm.

Example 2. Performing an Echocardiogram

[0075] The devices described herein may be used to
perform an echocardiogram to obtain different ultrasound
image views of the heart. A technician or operator will
mount ultrasound transducer (30) in base (10) and/or top
frame (16). Ring (18) in the center of top frame (16) will
snap around probe (30) to keep it in place. Top frame (16)
is adjustable in height so probe (30) can be adjusted up or
down in the assembly during mounting. Once transducer
probe (30) is mounted in assembly (70), the assembly can be
placed on the chest of a subject above the heart. A strap or
belt can be used if needed to hold maintain general position.
The air source is then turned on and probe (30) can be
directed to move to a specific location by interacting with the
microprocessor. The assembly can be manipulated to tilt
transducer (30) to obtain ultrasound images of the heart at
different angles. Three views of the heart that can be imaged
include the parasternal long axis view, which looks at the left
side of the heart, the subcostal view, which look at the four
chambers, and the suprasternal view, which looks at the
aorta (FIGS. 1B. 17). The air actuation of locomotion
actuators (20) can move the probe to various locations
required for the echocardiogram. Once the position is fixed,
the height can be adjusted to obtain the correct focal area for
imaging by adjusting locomotion actuators (20) and using
pressure mapping sensors (34) to the correct position verti-
cally. Top frame (16) can also be adjusted again to obtain the
desired correct height. The air actuation of linear actuators
(22) can tilt probe (30) to obtain the images at various tilt
angles. With this examination, a series of images can be
generated with position and pressure mapping feedback
(FIG. 18). This can be then recorded and used again for a
repetitive evaluation.

Example 3. Evaluating Musculoskeletal Conditions
in Motion

[0076] An ultrasound technician attaches the transducer
holder to a patient with musculoskeletal pain. The patient
reports significant pain and spasms in his shoulder when
raising his arm. The straps on the transducer holder keep the
transducer probe in close contact with the patient’s shoulder,
such as when the patient raises their arm. The transducer
holder positions the ultrasound transducer in close proximity
to a joint, ligaments, muscles, and/or nerves of the shoulder
of the patient, e.g., while the patient is in motion, thereby
assisting the technician in analyzing the patient’s condition
while freeing the hands of the technician to perform other
tasks during the procedure. A series of imaging tests can be
performed that assist the technician with diagnosing the
patient’s condition. The results of the imaging tests can be
used, e.g., in combination with artificial intelligence and
data mining from the captured images, to predict positions
that cause pain. The technologist can then program the
transducer to provide ultrasound therapeutic treatment in the
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painful area. The ultrasound holder can be used to map a
path for the ultrasound therapeutic treatment. The therapeu-
tic approach can be used, e.g., over one or move sessions, to
treat a patient with acute pain or with chronic pain.

Example 4. Automated Ultrasound Scan During
Contagious Disease Scenario

[0077] During a pandemic or an epidemic scenario, e.g.,
where there may be a risk of exposure of medical staff to an
infective agent when they come into direct contact with an
infected patient, the holder can be used to provide a hands-
free solution to obtain ultrasound scans remotely without the
need for a technologist to be present in the room with the
patient. The technologist can operate the transducer holder
to position an ultrasound transducer remotely during an
ultrasound scan of the patient, e.g., by using a computer to
dictate the motions and movements of the holder and the
transducer probe during the scan.

Other Embodiments

[0078] All publications, patents, and patent applications
mentioned in the above specification are hereby incorpo-
rated by reference to the same extent as if each individual
publication, patent or patent application was specifically and
individually indicated to be incorporated by reference in its
entirety.

[0079] While the invention has been described in connec-
tion with specific embodiments thereof, it will be understood
that it is capable of further modifications and this application
is intended to cover any variations, uses, or adaptations of
the invention following, in general, the principles of the
invention and including such departures from the invention
that come within known or customary practice within the art
to which the invention pertains and may be applied to the
essential features hereinbefore set forth, and follows in the
scope of the claims.

[0080] Other embodiments are within the claims.

1. An ultrasound transducer holder comprising:

a) a base for holding and/or positioning an ultrasound

transducer; and

b) at least one actuatable arm attached to the base that

comprises:

1) a flexible molded body having a plurality of inter-
connected chambers disposed within the molded
body, and

11) a pressurizing inlet that is configured to receive fluid
into the plurality of interconnected chambers,
wherein the molded body is configured to expand
when the plurality of interconnected chambers are
pressurized by the fluid, thereby moving the base
and/or the transducer upon actuation of the arm.

2. The ultrasound transducer holder of claim 1, further
comprising an ultrasound transducer contacting the base
making the transducer portable and attached or wearable on
the body.

3. The ultrasound transducer holder of claim 1, wherein
the flexible molded body comprises an elastically extensible
material and a strain-limiting material having a higher
elastic modulus relative to the elastically extensible mate-
rial.

4. The ultrasound transducer holder of claim 1, further
comprising a sensor.
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5. The ultrasound transducer holder of claim 4, wherein
the sensor is a pressure sensor or a photo sensor, wherein,
optionally, the photo sensor is located on the ultrasound
transducer and/or the pressure sensor is located on the at
least one actuatable arm.

6. The ultrasound transducer holder of claim 1, wherein
the base comprises a center hole that surrounds the ultra-
sound transducer, wherein optionally the center hole has a
diameter of about 10 mm to about 100 mm.

7. The ultrasound transducer holder of claim 1, further
comprising a top frame or a rotary guide frame attached to
the base.

8. The ultrasound transducer holder of claim 7, wherein:

the top frame is adjustable in height;

the rotary guide frame is attached to the top frame; and/or

the rotary guide frame controls the rotation angle of the

ultrasound transducer.

9. The ultrasound transducer holder of claim 1, wherein
the at least one actuatable arm is adjustable in height.

10. The ultrasound transducer holder of claim 1, further
comprising a microprocessor, wherein optionally the micro-
processor controls the at least one actuatable arm to manipu-
lated an ultrasound parameter.

11. The ultrasound transducer holder of ¢laim 10, wherein
the ultrasound parameter is one or more of pressure, align-
ment, rotation angle, and tilt angle.

12. The ultrasound transducer holder of claim 11, wherein
the tilt angle is about 0.1° to about 30° or the rotation angle
is about 0° to about 360°.

13. The ultrasound transducer holder of claim 1, wherein
the ultrasound transducer is affixed to the base, wherein
optionally the ultrasound transducer is affixed to the base
with a strap, Velcro®, snaps, friction fit, fastener, or other
retaining mechanism.
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14. The ultrasound transducer holder of claim 1, further
comprising a strap, Velcro®, snaps, friction fit, or other
retaining mechanism to affix the ultrasound transducer to a
human.
15. The ultrasound transducer holder of claim 1, wherein
the base comprises 2, 3, 4, or more actuatable arms, wherein
preferably the base comprises 4 actuatable arms; or wherein
the base is rigid.
16. The ultrasound transducer holder of claim 15, wherein
the actuatable arms are equidistantly positioned on the base
relative to each other.
17. A method of performing ultrasound imaging using the
ultrasound transducer holder of claim 1 comprising the
ultrasound transducer comprising:
initiating a series of pressurizations and depressurizations
of the at least one actuable arm that brings the ultra-
sound transducer into proximity to a target object, and

emitting ultrasound waves from the ultrasound transducer
to produce an image of the target object.

18. The method of claim 17, wherein the series of
pressurizations and depressurizations adjust a height, pres-
sure, alignment, rotation angle, or tilt angle of the holder and
the transducer relative to the target object;

wherein the series of pressurizations and depressuriza-

tions move the ultrasound transducer relative to the
target object; or

wherein the method comprises manipulating the holder so

as to move the transducer, thereby achieving an ultra-
sound parameter.

19. The method of claim 17, wherein the ultrasound
imaging produces an echocardiogram of a patient’s heart or
a musculoskeletal image.

20. A kit comprising the ultrasound transducer holder of
claim 1 and an ultrasound transducer.
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