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Abstract

Ultrasound is used extensively in medicine to non-invasively examine soft tissues.
Compared to computed-tomography (CT) scanning or X-ray imaging, ultrasound
is lower-cost, more portable, real time, and subjects neither the caregiver nor the
patient to potentially harmful ionizing radiation, which makes it the imaging modality
of choice for many medical applications. Common uses include fetal, vascular, and
musculoskeletal imaging, as well as biopsy needle insertion guidance. With 165 million
ultrasound exams conducted in the United States annually, and an annual US market
of $1.3 billion, improvements to the usability and diagnostic capabilities of ultrasound
imaging could lead to significant improvements in medical care.

Ultrasound is unique because it generally requires significant contact force with the
patient. This has a number of important consequences. The contact forces exerted by
the ultrasound probe are generally not known, resulting in images that are acquired at
non-repeatable levels of compression, which makes sequentially-acquired ultrasound
images difficult to compare and reproduce. Contact force has also been implicated
as a major risk factor in work-related musculoskeletal disease (WRMSD) amongst
ultrasonographers; currently, clinical reports indicate that nearly 90% of sonographers
scan in pain.

This thesis explores the mechanical design and experimental evaluation of three
novel electro-mechanical systems that could be used to enhance the usability and di-
agnostic capabilities of ultrasound by measuring and/or controlling probe acquisition
state (i.e., contact forces, torques, and angles of orientation). The first system, a
hand-held servo-driven ball screw stage, improves image repeatability by applying a
constant, programmable contact force between the probe and the patient, and atten-
uates hand tremors by a factor of 10. The second system, a force/torque-measuring
ultrasound probe, was used in the first rigorous clinical study to characterize contact
forces and torques applied during abdominal scanning. The third device, driven by
a voice coil motor, enables high-bandwidth constant force scanning, and was used to
measure the elastic modulus of tissue—an indicator of tissue health—at repeatable
pre-load forces.



All three systems, each of which was built and refined with two or more proto-
types, were evaluated through in-vivo and/or clinical studies at Boston Children’s and
Massachusetts General Hospitals. The results of these studies, as well as modeling
and simulations, are presented in this thesis.

Thesis Supervisor: Dr. Brian Anthony
Title: Principal Research Scientist, Dept. of Mechanical Engineering
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Chapter 1

Introduction

This thesis explores the mechanical design, construction, and experimental evaluation
of three novel, hand-held, electromechanical systems that measure and/or control the
contact acquisition state of an ultrasound probe during medical ultrasound imaging.
Conceptually motivated by the idea of how to improve the repeatability of ultrasound
imaging, the three systems were designed to understand current ultrasound imaging
practice, and then to enhance the diagnostic capabilities of ultrasound by improv-
ing the repeatability of the probe acquisition state (i.e., the relative contact forces,
torques, position, and orientation of the probe with respect to the patient), as well
as reduce the level of skill necessary to acquire diagnostic-quality images.

The first system described in this thesis attenuates involuntary hand motion, in-
cluding tremors, to maintain a constant, programmable contact force between the
ultrasound probe and the patient. The second system passively measures contact
forces, torques, and orientation angles, and was used in the first study to rigor-
ously quantify these parameters in abdominal scanning. The third system enables
high-bandwidth constant-force scanning, as well as evaluation of tissue elasticity at
different preload forces.

Each of the three systems was designed through a deterministic design process, and
each was fabricated and refined through two or more prototypes. For each of the three
systems, this thesis describes the design process, including functional requirement

definition and component selection, mechanical fabrication, and the results of clinical
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and/or in vivo studies.

1.1 Medical Ultrasound Imaging

Ultrasound is a widely-used modality to image soft, near-surface biological tissues.
Unlike CT or X-ray imaging, ultrasound subjects neither the caregiver nor the pa-
tient to potentially harmful ionizing radiation, which makes it the imaging modality of
choice for frequent imaging of soft tissues. Common applications include fetal imag-
ing, cardiovascular assessment, tumor detection, biopsy needle insertion guidance,
and musculoskeletal imaging. Variation in sonographer! technique and experience
results in image and imaging-workflow variation. Improvements to the usability and
diagnostic capabilities of ultrasound imaging could therefore lead to significant im-
provements in the quality of medical care.

In current sonographic practice, the acquisition state—i.e., the position, orien-
tation, contact forces, and contact torques of the ultrasound probe—are implicitly
controlled by the sonographer, based upon qualitative image appearance, and are
not easily quantified. As a result, the acquisition state is not repeatable. Non-
repeatability in the acquisition state variables, such as the contact force, can make
dimensional measurements difficult to precisely reproduce at a later date [25].

For instance, within the context of longitudinal imaging, in which repeated images
are acquired over periods of time, clinicians may not be able to determine whether
a near-skin-surface tumor has changed dimensions over time, or if instead they are
acquiring the image with increased pressure or at a different location. Sonographers
performing an ultrasound-guided biopsy must insert the biopsy needle while watch-
ing the ultrasound image and maintaining the probe force—a difficult combination
which can lead to inaccurate biopsy siting. Control of the ultrasound probe position,
orientation, and contact force could thus lead to more consistent ultrasound images

or reduced-complexity, safer medical procedures.

1 “Sonographer” is the term used for a medical professional who performs diagnostic ultrasound,

and is the term that is used in this thesis.
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Any solid body has six independent degrees of freedom (DOFs): three transla-
tional DOFs (e.g., Cartesian X-Y-Z) and three rotational DOFs (e.g., Eulerian ¢-6-1)).
An ultrasound probe, therefore, can be moved by the sonographer in six DOFs with
respect to the patient’s body. To achieve maximum image repeatability and resolu-
tion in longitudinal ultrasound imaging, the probe would need to be re-localized at
the same X-Y-Z position and ¢-6-1 orientation with respect to the patient’s body.
In our group, Sun [105], [106] presents a system that uses skin feature tracking to

achieve 6-DOF probe re-localization.

1.2 The sonographer-probe-patient system

In conventional ultrasound imaging, the acquisition state of the ultrasound probe is
controlled qualitatively by the sonographer’s sensory control system, which consists
of the sonographer’s proprioception and eye-hand feedback loop. The sonographer
grasps the probe and places it in contact with the patient at the area of interest. Cy-
cling his/her gaze between the live ultrasound image on the computer screen and the
ultrasound probe itself, the user manipulates the ultrasound probe until the desired
image is attained.

During manipulation, the user varies the acquisition state of the probe. Proprio-
ception tells the sonographer the relative and approximate position of his/her hand,
arm, and joints, as well as the strength of effort being applied [45] and enables him/her
to manipulate the probe while looking at the computer screen. Occasional glances
at the probe are necessary for determining more accurately the position of the probe
relative to the patient’s body.

Consider, for example, a typical abdominal ultrasound scan. A patient complain-
ing of abdominal pain sees a doctor. The doctor orders an abdominal ultrasound
scan. The patient sees a sonographer, who performs the abdominal scan according
to a standard protocol. The protocol for the procedure details which views should
be obtained for which organs; for example, the long axis and transverse views of the

liver, or the distal common bile duct in the region of the pancreatic head, are two of
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the many images recommended by the American College of Radiology for abdominal

scanning [4].

Thinking of the imaging scenario as a control system, the input into the control
systemv is the sonographer’s mental picture of the ultrasound image that he/she wishes
to capture, based upon his/her prior experience and the protocol for the procedure,
or may be an image from a previous exam on the computer screen. The sonographer’s
objective is to vary the acquisition state of the ultrasound probe in order to obtain the
best clinically useful image, i.e., best match between the notional target image and
the actual image. The sonographer’s arm and hand act as the actuator, manipulating
and varying the acquisition state of the probe. A combination of eye/hand feedback
and proprioception help the sonographer to manipulate the probe. The output of
the system is the ultrasound image. The sonographer sees the ultrasound image on
the computer screen, mentally compares it with the target image he/she is seeking to
capture, and varies the acquisition state of the ultrasound probe in order to attain
that target image. Disturbance inputs into the system include patient motion and
involuntary sonographer hand motion due to tremors. An illustration of the system

is shown in Fig. 1-1.

Transforming this system into a more familiar block diagram format, the closed-

loop image control system is illustrated in Fig. 1-2.

1.2.1 Augmented control of the acquisition state

The objective of the devices described in the thesis is to help the sonographer to explic-
itly or implicitly control the acquisition state variables for the purposes of increased
image repeatability and decreased sonographer skill level. This is an “augmented”
control system: the device is essentially an inner loop within the control system which
either actively controls the contact state or informs the sonographer of the contact
state so that he/she can control it more tightly. A block diagram of the augmented

control framework is shown in Fig. 1-3.
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Figure 1-1: Diagram of the image control system consisting of the sonographer, ul-
trasound probe, and patient. Black lines indicate control signals, blue lines indicate
feedback paths. G(s) represents the sonographer’s mental controller.
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Figure 1-2: Block diagram of the sonographer-probe-patient image control system.
X (s) represents the acquisition state of the probe (i.e., force, torques, orientation,
and position).

1.3 Prior Art: Systems to Control Ultrasound Ac-

quisition State

The literature is rich with systems that mechanically control or measure one or more
of the ultrasound probe acquisition state variables. Many of the systems are complex
and bulky. The systems can be grouped by various criterion; for example, the systems
from the literature vary in terms of the number of degrees of freedom in which the
ultrasound probe can be moved, ranging from 0 DOFs (unactuated force-measuring
probes) to 6 DOFs, as well as several overactuated 6 DOF systems. The systems
also differ in terms of form factor; i.e., hand-held, patient-grounded (mounted to
patient), or Earth-grounded (mounted to the floor). A sampling of 33 systems from

the literature is shown in Fig. 1-4; the corresponding references are listed in Table 1.1.
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Figure 1-3: Diagram of the augmented control framework. The devices described
in the thesis, which contribute the items outlined in red, provide either actuation
or sensing between the sonographer’s hand and the ultrasound probe, as well as
audio and additional visual feedback, enabling tighter control of the acquisition state.
Xres(s) refers to the desired acquisition state.

Table 1.1: The references corresponding to the prior art images shown in Fig. 1-4.
Note: the two-digit number after the author’s name refers to the publication year.

Label Reference Label Reference Label Reference
1 Burcher 05 [25] 12 Schlosser 10 [95] 23 Vilchis 07 [112]
D) Chadli 12 [29] 13 | Goldberg 01 [46] | 24 Davies 98 [33]
3 Echosens 24 [7] 14 Gourdon 99 [47] 25 Degoulange 98 [84]
4 Azar 12[20] 15 Courreges 03 [32] 26 | Mob. Robotics 04 [3]
5 Rivaz 07 [88] 16 Najafi 04 [71] 27 Masuda 01 [64]
6 Marchal 04 [63] 17 | Gumprecht 13 [48] | 28 Salcudean 99 [91]
7 Matsumura 09 [65] | 18 Vilchis 03 [110 29 De Cunha 98 [34]
8 Osaka 09 [81] 19 Robosoft 14 [8 30 Lessard 07 [59]
9 Sandrin 02 [94] 20 Najafi 11 [72] 31 Ding 08 [97]
10 Bercoft 03 [21] 21 Al Bassit 04 [14] 32 Boctor 04 [23]
11 Gilbertson 10 [40] 22 Al Bassit 04 [14] 33 Mitsuishi 01 [68]
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Figure 1-4: Systems from the literature that measure and/or control ultrasound probe
acquisition state, grouped by number of degrees of freedom and form factor (i.e.,
Earth-grounded, patient-grounded, or hand-held). References are listed in Table 1.1.

36



1.3.1 Structural Loop

Before describing the prior art in detail?, we lay the groundwork for the discussion by
presenting the concept of the structural loop. The classifications “patient-grounded”
and “earth grounded” refer to the characteristics of the path the force takes through
the device from the ultrasound probe and patient, known in the machine design
vernacular as the “structural loop” [99], shown within the context of machining in

Fig. 1-5.

Patient

Floor

Figure 1-5: Left: the structural loop for a machine tool, which is the force path
through the machine from the tool to the workpiece. Right: the force path for ultra-
sound imaging, in which the “tool” is the ultrasound probe and the “workpiece” is the
patient. Images reproduced from FUNdaMENTALS of Design, page 3-24, by Slocum
[99], and from https://www.osha.gov/SLTC/etools/hospital /sonography /images.

As discussed at length in Section 2.2, hand-held devices can be either patient-
grounded or earth-grounded, depending upon whether the sonographer rests his/her
hand or arm upon the patient. If, as illustrated® in Fig. 1-6 (left), the sonographer’s

hand is outstretched, with no support on the patient, the configuration is categorized

*For an excellent discussion of several of these systems from a different perspective (and in
French), see Al Bassit’s Ph.D. thesis [14].

3images are reproduced from (L-R): http://www3.gehealthcare.com, http://www.robosoft.com/,
http://www.ece.ube.ca/ tims. Accessed April 2014,
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as earth-grounded (right), because the force goes through the sonographer’s arm,
through his/her body into the floor, through the floor, up through the patient’s bed,
and through the patient back to the ultrasound probe. If the sonographer rests his/her
arm or hand upon the patient, which is common in sonography, the configuration is
patient-grounded (center), because the force goes through the sonographer’s hand and

directly into the patient—a much smaller structural loop.

Hand-held Patient-grounded

Earth-grounded

Figure 1-6: Illustrations of the structural loop—i.e., the force path through the device
(or sonographer’s arm) from the ultrasound probe to the patient. As discussed in
Section 2.2, the hand-held configuration can be considered either earth-grounded or
patient-grounded, based upon whether the sonographer rests his/her arm or hand
upon the patient.

The configuration of the structural loop has a number of important implications.
If the loop is patient-grounded, then the acquisition state will be measured with
respect to the patient’s own coordinate system. If the patient moves (e.g., due to
respiration, heartbeat, or other voluntary/involuntary motion), then the device will
move along with the patient, and accurate patient-referenced position measurement
will be maintained. If the patient leaves and returns a period of time later, and the
device is placed at the same location on the patient’s body (based on anatomical
features, for example), the images could be acquired at the same patient location. If,
on the other hand, the device is earth-grounded, acquisition state will be measured
with respect to the world. Patient motion will cause contact forces and torques to
change because the device is fixed to the ground. If the patient leaves and returns

at a later time, when the device is placed in contact with the patient at the same
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anatomical location, the device joint angles will be at a different configuration.

In machine design, shorter, closed structural loops generally have higher stiffness
and higher accuracy. This means that reducing the size of the structural loop reduces
the constraints on stiffness and joint position sensor accuracy, allowing the device to
be lighter and potentially cheaper. Therefore, when designing systems that control ul-
trasound probe acquisition state, we generally expect systems with smaller structural

loops to be less expensive and have higher position accuracy.

1.3.2 Discussion of the Prior Art
Degrees of Freedom

In the discussion that follows, numbers in parentheses refer to the labels in Fig. 1-4.
In Fig. 1-4, we see that the systems differ widely in terms of the number of DOFs.
The zero- and one-DOF systems are all hand-held, while the two- and higher-DOF
devices, which are all too large to be hand-held, are either patient-grounded or earth-
grounded. Eleven of the 33 systems can control all of the probe’s six DOFs. The
Boctor (32) and Mitsuishi (33) systems are both over-actuated; the extra DOF can be
used to allow the imaging target to be positioned in a more convenient or comfortable
location. All of the six- and higher-DOF systems are earth-grounded. Because earth-
grounded systems do not need to be comfortably-supported by the patient or held
in the hand, there are fewer size and mass constraints, which means the systems can

have more DOFs.

Hand-held systems

In Fig. 1-4, we see that 10 of the 33 systems presented are hand-held. With the
exception of the passive force-measuring probes ((1) and (2)), all of the hand-held
systems have one linear DOF, which is oriented along the axis of the probe. The
devices by Sandrin (9), Bercoff (10), Echosens (3), Azar (4), and Rivaz (5) are all
designed for vibro-elastography, in which the ultrasound probe is vibrated at high

frequencies, launching shear waves into the tissue. Shear wave propagation speed is
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measured with high-speed imaging in order to calculate the elastic modulus of the
tissue. Shear wave imaging is discussed in detail in Section 7.3.2.

The devices by Marchal [63], Osaka [81], and Matsumura [65], have longer ranges
of motion. Marchal [63] designs a one-DOF haptic device that uses a linear actu-
ator to feedback to the sonographer the force encountered by the slave robot. Os-
aka [81] and Matsumura [65] present single-DOF handheld ultrasound imaging sys-
tems with varied actuation strategies. Osaka describes rack-and-pinion-driven and
hydraulically-actuated devices, while Matsumura details a system driven by a remote
linear actuator via a flexible cable, surrounded by a non-compressible housing. To
our knowledge, there exists no physical implementation and no clinical studies have
been performed with either the Matsumura or Osaka systems.

The instrumented, 0-DOF force-measuring ultrasound probes of Burcher [25],
Chadli [29], Salcudean (not pictured)[91], and Han [49] (not pictured) measure one
or more of the probe’s three contact forces and three contact torques, in addition to
one or more of the probe’s three orientation angles ¢-6-1. Burcher [25] and Han [49]
present a system that consists of a passive unactuated ultrasound probe equipped
with a force sensor and a stereoscopic positioning system. The force and position are
recorded each time an ultrasound image is gathered. The sonographer could use the
real-time force, torque, or angle readouts from these systems to manually control the
acquisition state of the probe.

There is also work to use the skin’s natural features to encode the probe’s position
and orientation with respect to the patient’s body. Sun [105], [106] uses a probe-
mounted camera to record video of the skin surface during scanning. Using visual
SLAM methods, the position and orientation of the probe is measured, and a real-time

GUI helps the sonographer to place the probe at the target location.

Patient-grounded systerhs

Eight of the 33 systems are patient-grounded. Vilchis (18)[110] presents a three-DOF
device that is strapped to the patient by a series of belts, which are driven by motors

secured to the examination bed. The Syrtech (14), Teresa (15), Estele (19), and
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Otelo (21 & 22) systems are similar devices that control 3-6 of the ultrasound probe’s
DOFs. All five devices are held against the patient’s body by a sonographer, while
the ultrasound probe is moved. The two systems by Najafi (16 and 20) employ a novel
linkage design to manipulate the ultrasound probe in 3 or 4 kinematically-decoupled
degrees of freedom. The spring-counterbalanced system rotates the ultrasound probe

around a remote center of motion.

Earth-grounded systems

Fifteen of the 33 systems are earth-grounded. With the exception of #’s (11), (17),
and (27), all of the earth-grounded systems generally consist of a long arm reaching
over the patient with the ultrasound probe mounted at the endpoint. In these systems,
the patient is moved into the workspace of-the robot. Salcudean [91] creates a six-
DOF teleoperated system that can be used to track the length of the carotid artery.
The device is anchored to a table next to the patient and has a long arm with an
ultrasound probe at the endpoint that reaches to the patient. Degoulange [84] presents
a six-DOF robotic arm that can similarly be used to position an ultrasound probe at
a desired contact force with respect to the patient. Vilchis-Gonzalez [112] developed
a three-DOF dual remote-center robot that manipulates the probe to achieve two
localized rotational- and one linear-DOF. The device is suspended over the patient
by an external structure. These systems have a large workspace and can reach a
wide area of the patient’s body, although their size and level of complexity limit their
portability and ease of use.

There are a number of systems that control exactly two of the probe’s rotational
DOFs. Schlosser [95] presents a tele-operated manipulator with two actuated ro-
tational DOF's and three un-actuated, locking DOFs for ultrasound imaging during
radiotherapy beam delivery. Goldberg [46] demonstrates a robotic ultrasound sys-
tem that employs the Stoianovici 3-DOF arm [104] to rotate the probe in pitch and
yaw with one translational DOF. Gumprecht [48] shows a 4-DOF system that can
rotate the ultrasound probe in pitch and yaw DOF's (in addition to two translational

DOFs), while the probe images through a water-filled bag. In the author’s master

41



thesis [40], a device was presented that rotates the ultrasound probe in pitch and roll

DOF's about a remote center of rotation.

Tele-Echography

Many of these systems were developed for teleoperated ultrasound (also known as
tele-echography) imaging, in which a sonographer manipulates a joystick or other
hand-held device, the positions and orientations of which are measured, digitized,
and transmitted electronically to a slave device, which manipulates the ultrasound
probe according to the sonographer’s gestures. This framework enables the sonog-
rapher to be in a different location than the patient and could be employed when a
skilled sonographer is not available to conduct an exam (assuming that the device
is available). The Syrtech (14), Teresa (15), Estele (19), Otelo (21 & 22), Mitsu-
ishi (33), TER (18), Masuda (27), Najafi (16 & 20) robots were all developed for
tele-echography applications.

1.4 The Importance of Contact Force

As discussed, the acquisition state can be characterized by a number of parameters,
including the 3 Cartesian coordinates (X-Y-Z), 3 Eulerian angles (¢-6-1), their deriva-
tives, as well as the 3 contact forces and 3 contact torques. The devices presented
in this thesis all control or measure at least one of the acquisition state variables.
In terms of image quality, sonographer level of experience and health, and diagnostic
capabilities, contact force is one of the most important of these variables. The reasons

why the contact force is important are discussed below:
1. Tissue deformation: Contact force deforms tissue.

2. Sonographer fatigue € injury: Contact force has been implicated as a risk factor

in sonographer fatigue and musculoskeletal injury.

3. Measure mechanical properties: Varying the contact force while measuring tis-

sue displacement can yield a measurement of tissue mechanical properties, which
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correlate to health.

To better understand the importance of contact force, it is worthwhile to highlight
some of the reasons why sonographers apply varying forces over the course of exams.
From conversations with sonographers, as well as a search of relevant literature, the

following (incomplete) list can be made of some of the reasons to apply high forces:

1. Deeper tissues are easier to see [10]. Ultrasound probes are typically depth-
limited to 12 cm. Therefore, to see deeper structures, it is necessary to press
with a high force in order to compress superficial tissue layers and bring the
deeper layers within the field of view. For patients with thicker fat layers, the
tissue of interest might be even deeper, and require even more force to bring it

within the field of view.

2. Displace tissues for needle biopsy [10]. When performing biopsies, in which the
needle must be inserted into the desired structure without perforating other
structures, it is sometimes necessary to apply high amounts of force in order to

push structures away from the needle’s path.

3. Assess compressibility of veins in deep-vein thrombosis (DVT) exams. In DVT,
a blood clot (thrombus) forms in a deep vein, impairing circulation. The throm-
bus can detach and travel to the lungs in a life-threatening complication called
pulmonary embolism. To test for the presence of thrombus with ultrasound,
the probe is placed in contact and the vein in question is imaged. Pressure is
applied with the probe in an effort to collapse the vein. Because unobstructed
veins typically collapse under sufficient force, the failure of the vein to collapse

could indicate the presence of a thrombus ([9] is a video of the process).

4. Better acoustic coupling. A certain minimal amount of contact force is necessary
in order to ensure that the entire face of the probe is in contact with the tissue;

probe/skin contact area can be increased by pressing harder.
5. Displace bowel gas [12].
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1.4.1 Contact Force and Tissue Deformation

One of the unique aspects of ultrasound imaging is that it requires physical contact
with the patient. Variations in the contact force lead to variations in the ultrasound
image due to tissue deformation, and make the images difficult to reproduce at a
later date [25]. Fig. 1-7 illustrates that differences in probe contact force can lead to
different ultrasound images of the same tissue even though the internal structure of
the tissue has not changed. The left image of the basilic vein, acquired at 1 N of con-
tact force using the force-controlled ultrasound probe discussed in Chapters 5 and 6,
depicts the vein in a nearly circular shape. In the right image, as the force increases
to 5 N (a typical force for vascular imaging [91]), the vein is almost completely col-
lapsed. The images are difficult to directly compare; for instance, if the images were
acquired at different points in time, it would be challenging to detect longitudinal
change. Or, during biopsy, the collapsed vein would be more difficult to target with
a needle. If instead the contact force were consistently applied, it would be easier to

visually compare the images and the vein could be more precisely targeted.

Basilic vein

Humerus

Figure 1-7: The basilic vein imaged at three different contact forces. “N” refers to
Newtons of force. The images are difficult to compare due to the different levels of
compression.

Image repeatability, and therefore diagnostic quality, could be improved by im-
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proving the repeatability of the contact force.

1.4.2 Contact Force and Sonographer Fatigue & Injury

As discussed at length in Section 3.2, contact force has been implicated as a major
risk factor in fatigue work-related musculoskeletal disease (WRMSD) amongst sono-
graphers. Of the approximately 110,000 sonographers in the United States [2], more
than 90% scan in pain [89], and one-in-five will experience a career-ending injury
[1]. Little is known about the correlations between contact force and injury, but it
is hypothesized that holding the probe in awkward positions at high forces for long
periods of time could be an important factor. Given the high prevalence of injury,

there is great interest in understanding the causes of WRMSD.

1.4.3 Contact Force and Mechanical Properties Estimation

As discussed at length in Chapter 7, the mechanical properties of tissue can be mea-
sured by varying the contact force of the probe while recording the force-displacement-
image variation. In shear wave imaging, the ultrasound probe is moved with small,
sub-millimeter amplitudes at high frequencies, generating shear waves. The shear
wave propagation speed, which can be measured with ultrasound, directly correlates
to the elastic modulus of the tissue. The elastic modulus, in turn, is related to the
health of the tissue; tumors, for example, are stiffer than healthy tissue.

Because tissue exhibits non-linear stress-strain characteristics, the measurement of
the elastic modulus is dependent upon the preload force. In current practice, contact
force is neither measured nor controlled, leading to limitations on the repeatability
of elasticity measurements. By measuring and/or controlling the contact force, the
elastic modulus could be more accurately estimated.

Fig. 1-8 highlights the preload dependence of the elastic modulus measurement.
In the three images, which are taken at different preload forces from 1N to 18N, the
elastic modulus of a particular region of interest (white circle) is presented in white

text in units of kPa. The colored region corresponds to elastic modulus; red indicates
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stiffer, blue indicates softer. The colormap scale, which is the same for all images, is
shown on the bottom right. Here we can see, both qualitatively and quantitatively,
that the elastic modulus estimate is strongly dependent upon the preload force. For
example, in the 1IN image, the elastic modulus of the region of interest is 21.1 kPa
(blue), while in the 18N image, the elastic modulus is 64.1 kPa (red) — a factor of

three difference.

0 - B

@)

E=21.1kPa E = 38.7kPa E = 64.1kPa

1.0N 9.0N 18.0N

Figure 1-8: Elastograms of the quadriceps at 1N, 9N, and 18N preload forces. The
colored region indicates the elastic modulus of the tissue; the colormap scale, which
is the same for all three images, is depicted in the lower right of the 18N image. The
elastic modulus estimates, expressed in kPa, are calculated for the region of interest
highlighted by the white circle. It is evident in these images that variations in preload
force result in different estimates of elastic modulus.

Both Figs. 1-7 and 1-8 point to the need for systems which can help the sonogra-
pher achieve better control over the contact force in order to obtain more repeatable

images and more repeatable estimates of tissue elastic properties.

1.5 Thesis Scope

This thesis describes the design and evaluation of three hand-held electromechanical
devices that measure and/or control ultrasound probe contact force. The three devices
were designed to address each of the three important attributes of contact force from

Section 1.4, as listed below:

1. Tissue deformation: Force-controlled ultrasound probes 2 & 3.
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2. Sonographer fatigue & injury: Force-measuring probes: Series 1 & 2.

3. Measure mechanical properties: High-speed dynamic imaging probe.
Brief descriptions of the three systems presented in the thesis are as follows:

1. Force-measuring ultrasound probe: A non-actuated device that measures con-
tact forces, torques, and orientation angles of the ultrasound probe. The de-
vice, featuring a novel mechanical system that permits rapid probe attach-
ment/detachment, was used in the first rigorous clinical study to measure con-
tact forces and torques. Data are presented and analyzed with respect to patient
and sonographer characteristics. An improved prototype was developed for a

collaboration with an Australian University.

2. Force-controlled ultrasound probe: A single-DOF ball screw-driven device that
controls the relative contact force between the ultrasound probe and patient.
By attenuating hand tremors and providing a programmable contact force, the
device reduces the necessary level of sonographer skill and improves acquisition
state repeatability. Tremor attenuation is quantified through user studies. Early
results demonstrating the clinical relevance of force control in the detection of

Duchenne Muscular Dystrophy at Boston Children’s Hospital are presented.

3. High speed dynamic imaging probe: A single-DOF voice-coil actuated device
that enables high-bandwidth constant-force ultrasound scanning, as well as the
measurement of tissue elastic properties at programmable preload forces. In

vivo results are presented and compared with the literature.

A hierarchy of the systems and subsystems presented in the thesis is shown in
Fig. 1-9.

The three systems are presented in the order listed above in Chapters 3- 7. Chap-
ter 2 describes the process for the design of a force-controlled ultrasound probe for an
arbitrary application, and specifically within the context of abdominal and muscu-

loskeletal imaging. Conclusions and suggested future work are presented in Chapter 9.
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Chapter 2

“Meta” Design

In this chapter, we present the design process that can be followed to design a force-
controlled ultrasound probe for an arbitrary imaging application. First, we present
an overview of the design process, and characterize the inputs and the outputs. Next,
we present the important functional requirements, and discuss the three most criti-
cal functional requirements: the range of motion, the power, and the contact force.
Finally, we discuss in detail how the necessary range of motion and power are de-
termined for an arbitrary ultrasound imaging application. Chapter 3 discusses how
the necessary contact force is determined. We calculate the necessary values of the
critical functional requirements specifically within the context of abdominal and mus-
culoskeletal imaging, for which the force-controlled probe was designed.

We present a deterministic design process modeled after that discussed by Prof.
Slocum in FUNdaMENTALS of Design [99]. We follow a coarse-to-fine, qualitative-
to-qualitative approach. In this process, we start out with an abstract set of high-
level qualitative objectives for the device; i.e., we answer the question: “what does
it need to do?” Next, we translate the qualitative objectives into a list of functional
requirements (FRs). Based upon investigation of what the device needs to do, we
quantify the functional requirements with numbers. Next, design parameters (DPs)—
potential mechanisms or solutions that accomplish the functional requirements—are
brainstormed and analyzed for the most critical module or subsystem. The risks

associated with the design parameters are assessed and countermeasures are devel-
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oped. The most promising DP is selected and we proceed with the design of the
next-most-critical subsystem. The process is followed until all subsystems have been
designed.

An overview of the design process is shown in Fig. 2-1. The objective is to design
a device that controls ultrasound probe contact force for a specific type of ultra-
sound exam. The design process proceeds as follows: given the specific intended use
(ultrasound exam type), the typical range of sonographers, and the typical range
of patients, specify the functional requirements the device must meet, and suggest
which design parameters (e.g., actuator, force sensor, and other components) would

best satisfy the functional requirements.

Ultrasound Exam
Type Device design

Functional Design
Requirements Parameters
(FRs) (DPs)

Range of
Sonographers

Range of
Patients

Figure 2-1: Overview of the design process. The input is the intended use, typi-
cal range of sonographers and patients, and the outputs are the device functional
requirements and suggested design parameters.

Each of the inputs shown on the left side of Fig. 2-1 is characterized by a number

of different variables, as shown in the following lists.

1. Ultrasound Exam Type

(a) Type of ezam: For example, abdominal, vascular, needle guidance, etc.

(b) Measure or control force?: The design can likely be much simpler if force

measurement alone is sufficient and no force control is necessary.
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(d)

(e)

(f)

(8)

(b)

Exam duration.

Scan characteristic dimensions and area.

Probe inclination angles. To what angles must the probe rotate?
Workspace constraints: Are the any obstructions associated with the exam
that limit the workspace? For example, do the neck or legs interfere with
the probe?

Contact forces & torques: What is the range of forces expected to be
applied?

Ultrasound probe: What are the dimensions, mass, and shape of the probe?

2. Range of Sonographers

(a)

(b)
(c)
(d)

()

(f)

Movement characteristics: What are the motion and frequency character-

istics due to tremors and other involuntary motion?
Arm & hand dynamics: Stiffness, damping, and mass.
Arm range of motion: How large of a workspace can the arm cover?

Fatigue characteristics: How does the sonographer’s hand/arm move when
fafigued?
Force & position control capabilities: How accurately can an unassisted

sonographer control the probe acquisition state?

“Heavy-handedness”: Some sonographers are known to apply consistently

higher or lower forces than others.

3. Range of Patients

(a)

(b)
()

Movement Characteristics: What motion should be expected due to res-

piration, heartbeat, and other voluntary/involuntary motions?
Tissue stiffness: Potential implications for controller stability.

Scan area.
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(d) Age & level of cooperation: Special usability considerations may apply for

less cooperative patients.

(e) Mobility: Can the patient move to accommodate the probe? (Typical

during abdominal scanning, for example.)

The important functional requirements are articulated in the following list.

Functional Requirements:

1. Range of motion: The necessary stroke length, in the case of one linear DOF.
2. Power requirements.

3. Force range and resolution.

4. Form factor: grip style; limits on mass, size, and length.

5. Feedback: Any need to inform the sonographer of the actuator position or in-

clination, for example?
6. Moving mass.

7. Control: Necessary bandwidth, tremor attention characteristics, stability with
different environment stiffnesses, ergonomic considerations (such as endpoint

avoidance).
8. Cost.

Finally, the most critical design parameters are listed, along with examples:

Design Parameters:

1. Actuator: voice coil, rack and pinion, ball screw.

2. Linear constraint: bearing, bushing, or flexure.

3. Power transmission: gears, pulleys, lead /ball screws.

4. Sensors: load cells with 1-6 axes, pressure sensors.
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5. Component layout: orientation of actuator, bearings, and transmission.
6. Control techniques: endpoint avoidance, soft limits.

7. User feedback: LEDs, digital displays, audio cues.

At this point, it is informative to highlight several examples of the interconnections
between the input variables, the functional requirements, and the design parameters.

Three examples are discussed below.

e Range of motion: The necessary range of motion of the device, also referred
to as the necessary stroke length, is influenced by: 1) the characteristic scan
dimensions, and 2) the motion characteristics of the sonographer’s hand and
that of the patient. We show in Section 2.2 that scanning larger areas translates
into a longer necessary range of motion. Intuitively, we expect that larger-
amplitude hand tremors and patient motion also necessitate longer range of
motion. The range of motion functional requirement, in turn, influences the
type of actuator that is selected, as well as the way the components are laid

out.

e Power requirements: The necessary power that the device must supply is gov-
erned by: 1) the contact forces, 2) the mass of the ultrasound probe, and 3)
the tremor characteristics of the sonographer’s hand. Higher contact forces,
heavier probe, and higher-amplitude sonographer hand motion all contribute to
higher power requirements. The power requirement guides the selection of the

actuator.

e Contact force range: The force capabilities of the device are influenced by 1)
the forces typically encountered during that particular exam, 2) whether or not
the sonographer is “heavy-handed,” and 3) the size of the patient. We show in
Section 3.7.1 that heavier patients require more force. The maximum force that
the device must be capable of applying influences the selection of the actuator,
as well as the components in the power transmission, which must be able to

withstand the forces.
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2.0.1 Range of Ultrasound Exams

Next, we investigate the first input into the design process, namely the ultrasound
exam type. Ten of the most common types of ultrasound exams are listed in Fig. 2-2,
along with some of the variables associated with each exam. In Fig. 2-2, we see that
exams vary considerably in terms of the size and shape of the probe used, the scan
area, as well as the maximum forces applied.

Fig. 2-3 shows the distribution of the five types of ultrasound exams most typically
performed on Medicare patients [78]. Data for the general population could not
be found. Although this represents data from only a very limited population (i.e.,
only people >65 years of age), relevant conclusions can still be drawn. The most
commonly-performed exam is the cardiovascular exam, constituting more than 50% of
all exams. In conventional trans-thoracic cariovascular ultrasound imaging, the probe
is held between the ribs, and images through the rib-to-rib gap. In this scenario,
since the ribs support the entire contact force of the probe and, due to their high
stiffness, the underlying tissue is not deformed, the use of a force-controlled probe is
not necessary. If instead the heart is imaged through the soft tissue below the rib
cage, force control would be more relevant. The other 50% of exams are performed
on soft tissues, and force control could be used to enable more repeatable imaging in

these scenarios.

2.0.2 Range of Sonographers

Next, we investigate the parameters associated with the second variable: the sono-
grapher. The most important variables related to the sonographer are listed in Ta-
ble. 2.1. The hand tremor frequency and amplitude characteristics were obtained
from the Micron microsurgical tool project [62], and the power spectrum versus fre-
quency is reproduced in Fig. 2-4. From the plot, we see that a majority of the tremor
amplitude lies below about 10 Hz; for example, the tremor power is ten times higher
at 0.1 Hz than at 10 Hz. As discussed in Section 5.6.5, in the literature, tremors at

frequencies higher than 10 Hz are frequently neglected.
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Pareto Chart: Ultrasound Exam Types
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Figure 2-3: A Pareto Chart showing the distribution of five most commonly performed
ultrasound exam types. Data are from the GAO Analysis of Medicare Part B claims
for 2005, so it therefore represents exams for patients >65 years [78].

Table 2.1: Parameters associated with the sonographer.

Parameter Value
Frequency [62] <10 Hz
Hand tremor Amplitude <10 mm
Stiffness [41] 5500 N /m
Arm/hand characteristics Damping [41] 27 Hajmm
Mass 3 kg
Workspace L m% Lam
Control capabilities [41] +0.8 N for 30 s
Force Max [35] 36 N

Guideline [77]

“Use minimal transducer pressure”
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Figure 2-4: Hand tremor power spectrum, from MacLachlan [62]. A majority of the
tremor characteristics lie below 10 Hz.

2.0.3 Range of Patients

The third category of input variables deals with the parameters associated with the
patient. Ideally, the device should be designed for the average patient, which we
define as the patient who falls within +2¢ (two standard deviations) of the average
value of a particular parameter. But, the design must take into consideration the
likelihood that the device will be used on some patients who fall outside of the +2¢
range. Table 2.2 lists some of the special design considerations that must be taken

into account for patients outside +2¢ for various parameters.

2.1 Most Critical Functional Requirements

Perhaps the most critical first step in the design process is to determine the necessary
number of degrees of freedom (DOF) of the device. Because tissue exhibits elastic
properties, an increase in strain results in an increase in stress; in other words, indent-

ing tissue with an ultrasound probe causes the contact force to increase. This means
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Table 2.2: Special design considerations for patients £2¢ from the mean value of the
given parameter.

Parameter (Literature Value), Special Design Consideration(s)
—20 patient Median patient | +20 patient

BMI [11] (18.5) Less tissue | (25.1) (34) Thicker adipose
damping, higher stiff- layers, apply more
ness if bony. Smaller force. Larger scan
scan area area.

Age (years) | (6) Fragile: apply | (37.2) (68.2) Fragile: apply

[5] lower forces; smaller lower forces
transducer; need extra
stroke length for unco-
operative patients

Mobility Less mobile patients: More mobile pa-
can’t rotate patient tients: patient can be
into position; device moved, enabling more
must be less obtrusive ergonomic probe grip
to prevent interference

that in order to control the contact force, it must be possible to move the ultrasound
probe respect to the patient’s tissue. The simplest motion that could control the
contact force is one DOF of linear motion. Therefore, for simplicity, it can almost

immediately be determined that the system should have one linear DOF.

With the input variables fully characterized, the next step in the design process
is to list the mapping between the input variables and the functional requirements.
Table 2.3 lists the input variables that influence the seven most critical functional

requirements.

It can be argued that the range of motion, the power, and the contact force are

the three most important functional requirements in the design of the system. All
three of these affect actuator selection, as well as the design of many of the other
system components. Therefore, we explore these these functional requirements in
more detail. First, we explore the necessary stroke length, followed by the power. In

Chapter 3, we discuss contact force.
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Table 2.3: Mappings between the input variables and the functional requirements.

Device Functional Requirement | Input(s)
Range of motion Scan length; tremor characteristics; patient
motion
Power Exam type; tremor characteristics; actuator
type
Force Exam type; patient type
Form factor Workspace constraints; sonographer hand
size
Feedback Range of motion: actual vs. target
Moving mass Exam type
Bandwidth Tremor characteristics
Control Stability Tissue Stiffness
- | Force control Exam type; study objective (i.e., force con-
tolerance trol or force measurement?)

2.2 Range of Motion vs. Characteristic Scan Length

In this section, we calculate the first of the three most critical functional require-
ments, namely the necessary range of motion. We demonstrate that the necessary
range of motion of the device is positively correlated to the characteristic scan length.
Intuitively, one would expect that the range of motion that the actuator must have
should be related to the tremor characteristics of the sonographer’s hand. Further-
more, one would also expect that if the sonographer scans a larger area or a longer
appendage, his/her hand will involuntarily tremor a greater distance than if he/she
held the probe stationary. We tested this hypothesis with an OptiTrack V120:Trio
infrared 3D tracking system (Natural Point, Inc.), which consisted of a 3-camera in-
frared tracker and a marker with four infrared-reflective spheres of known dimensions.
A human volunteer (who was not a sonographer) held the marker in his hand above
the tracker, as shown in Fig. 2-5. To test the effect of different scan lengths, the
volunteer moved his arm back and forth with different scan lengths L., while the
tracker recorded the vertical height of the marker, Z(t). After each test, the total
range of Z(t) (i.e., Zimaz — Zmin), as well as the standard deviation, were calculated.

The user performed this procedure for three different scenarios that corresponded

to different structural loop sizes typically encountered during ultrasound imaging.
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Figure 2-5: To test the effect of scan length upon necessary device range of motion,
a human volunteer moved an infrared marker with different scan lengths L,.,, above
a tracking system, which measured height Z(t).

While scanning, sonographers often rest their hand, elbow, or arm upon the patient,
and alternate between standing up and sitting down. The three most common con-
figurations are shown® in Fig. 2-6. As discussed in Section 1.3.1, smaller structural
loops have higher stiffness, and therefore, we expect that smaller structural loops also
correspond to less involuntary hand motion during scanning. Hence, we hypothesize
that smaller structural loops and shorter scan lengths require lower device range of
motion.

To test this hypothesis, the user performed the scans of varying lengths in each
of the structural loop configurations in Fig. 2-6. Each scenario was conducted three
time to reduce measurement noise. Example Z(t) versus time plots are shown in
Fig. 2-7 for two imaging scenarios.

From Fig. 2-7, at first glance, we see qualitative confirmation that the range

of motion in the Z-direction is smaller (and has smaller standard deviation) with

Images  were  borrowed from (L-R):  http://ie.ismycv.com/resources/jobs/health-
practitioners/sonographer.aspx, http://www.kumec.edu/school-of-health-professions /cardiac-
sonography.html, https://www.youtube.com/watch?v=YrMsDu2f3U0. Accessed April 2014.
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Figure 2-6: Three most common structural loop configurations encountered during
hand-held ultrasound scanning. A: seated, elbow supported. B: seated, elbow not
supported. C: standing, elbow not supported.

Seated, elbow rested Seated, elbow not supported
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Figure 2-7: Example Z(t) versus time plots for seated, elbow resting (left) and seated,
elbow not supported (right).
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stationary imaging (black) than with larger scanning lengths such as 25 cm (blue),
50 em (red), and 100 cm (pink). A plot of the Z-motion range versus scan length for
the three structural loop scenarios is shown in Fig. 2-8, in which each of the three

duplicate runs for each scenario have been averaged.

Hand Z-motion range vs. scan length, 3-run average

== == = Seated, elbow supported

== == = Seated, elbow not supported
== == = Standing, elbow not supported
Linear fit: Z=0.92L.+35.6
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Figure 2-8: Z-motion range versus scan length for the different structural loop scenar-
ios shown in Fig. 2-6. Runs are slightly horizontally offset for clarity. Vertical bars
span 1o, while the middle of the bars is the average. Black line represents linear fit.

In Fig. 2-8, we see that longer scan lengths result in greater Z-motion range, as
expected. The standard deviations (height of vertical bars) also increase with longer
scan lengths. The smallest structural loop (seated, elbow supported—green trace)
shows lower Z-motion range for scan lengths of 0 cm, 25 cm, and 50 cm, as expected
(due to the limited range of motion of the elbow and shoulder, it was not possible to
scan with L =75 cm and 100 ecm when seated with elbow supported). However,

the two scenarios in which the elbow was not supported (seated [red], and standing
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[blue]), show similar Z-motion ranges for different scan lengths. This suggests that
Z-motion range does not depend upon whether the user is seated or standing; it
depends most strongly upon scan length and whether or not the elbow is supported.

With regards to device design, the linear fit of Z,,,5 = 0.92L + 35.6 (units: L in
cm, Z in mm) provides a convenient way of estimating the required range of motion
of the device for a given scan length. Let us zoom in on the plot in Fig. 2-8 and
focus on the range of characteristic scan lengths from Fig. 2-2, which are all less than
about 45 cm. A zoomed-in plot of Fig. 2-8 is presented in Fig. 2-9, with the different

ultrasound exam types displayed.

Hand Z-motion range vs. scan length, 3-run average

T T | 3 T T T T T T '
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== == = Standing, elbow not supported
- Linear fit: Z= 0.92L+35.6 .
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Figure 2-9: Zoomed-in version of Fig. 2-8, with characteristic scan lengths for different
types of ultrasound exams displayed. The devices presented in this thesis are shown
on the Y-axis; the corresponding stroke lengths are noted.

The exam type with the largest characteristic scan length of 40 cm is abdominal

imaging, which suggests, based upon the linear fit, a necessary stroke length of about
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70 mm. This is reasonable, because it was found with the first prototype of the force
measuring probe (top left of the figure) that a stroke length of 100 mm was more
than sufficient when scanning phantoms of similar length [40]. For musculoskeletal
imaging, with L, ~15cm, corresponding necessary stroke length is 50 mm. This is
also reasonable, because the stroke length of the third prototype of the force-controlled
probe, shown on the Y-axis, is 50 mm, which was found to be just sufficient for
musculoskeletal imaging in the DMD study. For an exam involving nearly stationary

imaging, such as ophthalmic, the suggested stroke length is about 35 mm.

Therefore, for abdominal and musculoskeletal imaging, for which the force-controlled
probe is designed, we need a range of motion between 50-70 mm. The first of the

three most critical functional requirements has now been determined.

2.2.1 Influence of Patient Cooperativeness and User Training

& Feedback

Throughout the design of the second and third force-controlled probes, it was found
that providing the user with visual feedback (in the form of a linear LED arrar) to
indicate the position of the ball screw carriage, as well as training, helped the user
to keep the device within its usable range of motion. It was also found in the DMD
study patient motion necessitated greater stroke lengths; uncooperative patients, who

might move during the exam, caused the actuator to move with a greater range.

How does this information fit within the context of these studies? The effects
of patient motion and sonographer feedback and training are shown in Fig. 2-10.
Uncooperative patient motion shifts the necessary stroke length curve up by about
1 cm (shown in gray dotted line), while sonographer training and visual feedback
shifts the curve down by about 1 ¢cm (shown in dotted blue-green). Therefore, when
designing a device to control contact force, by referring to Fig. 2-10, one can select the
necessary stroke length of the device for different ultrasound exam types and different

sonographer and patient variables.
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Figure 2-10: Minimum necessary device stroke length versus scan length, with unco-
operative patient motion and user training & feedback.
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2.3 Power requirements

As mentioned, the most critical functional requirements in the design of the device
are the necessary stroke length, power, and contact force. In this section, we discuss
the power requirements. During ultrasound scanning, we can consider the contact
force to consist of a DC bias component along with AC oscillations caused by hand
tremors. When using a force-controlled ultrasound probe, the user will still apply the
DC bias force, but the device must suppress the tremor-induced AC oscillations to
maintain a constant force. We can calculate the necessary device power by calculating
the power for both components of the force. Static power is consumed to maintain
the constant DC bias force while dynamic power is used to suppress the oscillating

AC component. Next, we discuss the two components in detail.

Static Power

For many electromagnetic actuators, the actuator force or torque is directly propor-
tional to the applied current, I. The static power Py, can therefore be calculated

from the following simple electrical equation:

Pstatic = I2R (21)

Assuming that the constant of proportionality between actuator force F' and cur-

rent I is K, the static power required is then

Pstatic = (KF)ZR (22)

Thus, the static power can be easily calculated for an arbitrary actuator by know-
ing the contact force (discussed in Chapter 3), winding resistance R, and constant
of proportionality K. In Section 5.3.3, we demonstrate that the two actuators that
are most appropriate for the range of ultrasound imaging applications are a voice coil
actuator (VCA) or a ball screw actuator. We can thus calculate the static power

requirement depending upon the actuator type, which is determined by the constant
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1/K,—VCA
K= (2.3)
L/K; — ballscrew

Where K, is the motor torque constant of the servo (units: Nm/A), K, is the
force constant of the voice coil (units: N/A), and L is the ball screw lead in units of
length/rotation. For the voice coil in the static case, the force applied to the motor

is equal to the force by the ultrasound probe to the patient’s tissue.

Dynamic power

In addition to the static electrical power to hold a constant force, the actuator must
also apply mechanical power to move the actuator in order to attenuate hand tremors.
Assume that the hand tremors sinusoidally at a frequency w with amplitude A and

position x(t), so that

x(t) = Asin(wt) (2.4)

Therefore, the velocity v(t) and acceleration a(t) are given by

v(t) = &(t) = Aw cos(wt) (2.5)

a(t) = i(t) = — Aw?sin(wt) (2.6)

If the mass of the probe is Mpyope, the force F(t) required to move the mass is
given by

F(t) = Mprobe£(t) = —Nprope Aw? sin(wt) (2.7)

Since mechanical power P(t) is given by P(t) = F(t)i(t), therefore,

P(t) = —hprope A%w® cos(wt) sin(wt) (2.8)
For the purpose of determining the maximum continuous power, the RMS value
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of the power is taken. Since the RMS value of the cos(wt) sin(wt) term is 1/(2v2),
the RMS mechanical power Py, s applied to the probe is

Pros = Meps A%w?
2v/2

The effective translational inertia m.s; will once again depend upon the type of

(2.9)

actuator. Here, we again consider the voice coil and ball screw actuators, which we
demonstrate later are most appropriate for the range of ultrasound imaging applica-

tions. The effective translational inertia for the two actuator types is thus:

” Mprobe + Jrot /12 — ballscrew (2.10)
eff = :
Mprobe — VCA

Where J,.; is the rotational inertia of the ball screw shaft and miprope is the mass
of the ultrasound probe. Once again, we see that the power requirement of the ball
screw is related to the square of the lead L.

Thus, the total power P required is

meffA2w2
2v/2

If we consider a worst-case scenario with tremor frequency of 5 Hz, motion ampli-

P = Pyaic + Prms = R(KF)? + (2.11)

tude as high as 10 mm, probe mass of 300 g, and static force of 15 N, the continuous
power required by the voice coil is 23 W, while that of the servo + ball screw is only
7 W. It would be prudent to place a suitable safety factor on the power requirement
in the case of unexpectedly high forces or tremor amplitudes. In Section 5.3.3, we

discuss the selection of the actuator based upon these power requirements.

2.3.1 Summary

In this chapter, we presented the process for designing a device to measure and/or
control ultrasound probe contact force for an arbitrary imaging application. We
characterized the range of possible input variables associated with ultrasound exam

type, the sonographer, and the patient. We outlined the most critical functional
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requirements for the device (i.e., the range of motion of the device, the power, and the

contact force) and identified classes of design parameters, along with some examples,
that would fulfil the functional requirements. We mapped the connections between
input variables, functional requirements, and design parameters. We investigated the
correlations between input variables such as contact forces, ultrasound probe type,
hand tremor characteristics, patient motion, and scan length, upon two of the three
most critical functional requirements, i.e., the necessary stroke length and power
requirement. Experiments were conducted to quantify the relationship between scan
length and necessary stroke length.

The range of motion and power were discussed in general and the values for
the particular application that we target, namely abdominal and musculoskeletal
imaging, we calculated. In the next chapter, we discuss the third critical functional

requirement: the contact force.
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Chapter 3

The Force-Measuring Ultrasound

Probe

3.1 Summary

This chapter describes the design and experimental evaluation of two ultrasound
probes that measure probe contact force. The force-measuring probe has multiple
purposes: first, it can be used to determine the third of the three critical functional
requirements for the design of the force-controlled ultrasound probe, namely, the con-
tact force. Second, it can be used to help the sonographer to standardize the contact
force. Third, it could be used to understand the correlations between contact force
and sonographer musculoskeletal injury and fatigue. We discuss its use specifically
within the context of abdominal imaging.

In contrast to the force-controlled probe, the force-measuring probes are not ac-
tuated, and passively measure contact forces in one or more axes. Two versions of
the device, referred to as “Series 1” and “Series 2,” were created, and the design
process of each is presented. Series 1 measures contact forces and torques in six axes
while Series 2, which is lower cost and more compact, measures force in one axis.
Experiments were performed with the Series 1 prototype at Massachusetts General
Hospital to quantify contact forces. The results from these experiments are presented

in this chapter. Portions of this work have previously been presented in [35],[19],[44].
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Table 3.1: References corresponding to the labels in Fig. 3-1.
Label Reference
(1) Burcher 2005 [25]
(2) | Salcudean 1999 [91]
(3) Chadli 2012 [29]

3.2 Introduction

As discussed in Section 1.4, one unique and significant aspect of ultrasound imaging is
that it requires physical contact with the patient. The contact force, controlled by the
human operator, is not repeatable and produces non-repeatable tissue compression,
especially near the skin surface, resulting in ultrasound images that are difficult to
reproduce at a later date [25]. When designing electromechanical devices to control
or improve the repeatability of probe contact force, it is important to understand
typical ultrasound contact forces to ensure that the devices are capable of applying
the appropriate range of forces with appropriate resolution. A lack of understanding
of required force range and mean values could lead to devices that are over- or under-
designed, too fragile or too large.

Ultrasound probe contact force is also important because it is a significant risk
factor for work-related musculoskeletal disorders (WRMSD) among sonographers [66].
In the USA, some 90% of sonographers currently work in pain [37], and one in five will
experience a career-ending injury [1]. Contact force is surmised to a play a major role
in the development of WRMSD, but, to our knowledge, has never been rigorously
quantified for any type of ultrasound exam. A more thorough understanding of
probe contact forces could therefore lead to a better understanding of the correlation
between force and musculoskeletal injury.

To our knowledge, only three studies have been conducted to measure probe con-
tact forces. The devices used in these literature studies are shown in Fig. 3-1, and
the corresponding references are shown in Table 3.1.

Salcudean (label 2) [91] used an instrumented probe to measure the contact forces
applied by one sonographer during several (number is unspecified) carotid exams.

The device consisted of a 6-axis JR3 force/torque sensor attached to an ultrasound
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Figure 3-1: Devices from the literature to measure probe contact force. References
are listed in Table 3.1.
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probe. The measured forces ranges were 3.8 N, 4.2 N, and 6.4 N for the X, Y, and Z
axes, respectively (as defined in Fig. 3-1, label (2)), while the corresponding torques
were 0.4 Nm, 0.7 Nm, and 0.1 Nm.

Burcher (label 1) [25] presents a similar handheld system that measures probe
contact forces and torques in six axes using a Mini 40 load cell (the same one used
in the Series-1 force measuring probe). Forces ranged from 0 to 3.5 N during in vivo

breast imaging.

Chadli (label 3) [29] presents a system to measure contact forces in one axis.
A clamp surrounds the probe and enables it to slide on linear bearings. Four strain
gauges enable the contact force to be measured along the axis of the probe. The device
can also be used to measure the orientation of the probe. No data are presented from

clinical or in vivo use.

Regarding contact force measurement, Guérin [101] specifies a general 5 N-20 N
range across cardiac, renal, and abdominal exams. The method used to obtain this

measurement is unclear.

From the literature, two conclusions can be drawn 1) there is a lack of—and
strong need for—a thorough study of contact forces in ultrasound imaging, and 2)
none of three force-measuring probes from the literature is naturally gripped and none
permit rapid attachment and detachment of the ultrasound probe from the device (an

important requirement that we discuss later).

In this chapter, we present a compact, ergonomic, six-axis force/torque measuring
system that attaches to an off-the-shelf ultrasound probe. In the design and clinical
evaluation of the device, we choose to target abdominal imaging, one of the most
common ultrasound exam types. The device, which is not much larger than the probe
itself, is shown in Fig. 3-5, and permits rapid, hand-operated, tool-free attachment
and detachment of the ultrasound probe. We describe force data gathered from 53
abdominal ultrasound exams conducted by 13 professional sonographers on 10 healthy

volunteers.
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3.3 Series 1 Force-Measuring Probe: Design Pro-
cess

In this section, we discuss the mechanical design process of the Series 1 force-measuring
ultrasound probe. As discussed previously, the high-level objectives of the study are

as follows:

1. Quantity the forces applied during abdominal ultrasound imaging.
2. Help sonographers to apply a repeatable contact force.

3. Examine the correlations between contact force and sonographer injury and

fatigue.

The next step in the design process is to transform the qualitative high-level objec-
tives into a set of quantitative functional requirements. The functional requirements
are discussed in the following list.

Ergonomic: To accurately measure the forces applied during typical ultrasound
imaging, the exam should be kept as typical as possible. From one perspective, the
Heisenberg Uncertainty Principle states that it is not possible to measure something
without also influencing it in some way. Within the context of this study, we seek to
minimally modify the way in which the sonographer conducts the exam by making
the ergonomics of the device match the ergonomics of a standard ultrasound probe

as closely as possible. This means that the device must be:

1. Unobtrusive: The probe must fit comfortably in the sonographer’s hand,
which means it must be as close as possible to the size, shape, and mass of a
standard ultrasound probe. The GE C1-5D probe targeted for use with this
device has a mass of 200 g, thickness of 2 ¢cm, maximum width of 9 cm, and
a total volume of about 96 ¢m3. For the force-measuring probe, it is believed
that a device three times heavier and three times the volume could still be held

ergonomically.
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2. Permit rapid attachment/detachment of the ultrasound probe from
the device: In hospitals, ultrasound probes are highly utilized pieces of equip-
ment. The device, therefore, must permit quick attachment and removal of the
ultrasound probe, without the use of tools, so that the probe can be used for

other clinical tasks in the hospital.
3. Safe: The device must post no risk to the sonographer and patient.

4. Portable: For ergonomic operation, the system be readily transportable from
one location to another, which places limits on the size of the total system. It
is desired that the total volume of the packaged system be smaller than a 30

cm cube, a volume of roughly 30,000 cm3.

Measure contact force: This functional requirement is characterized by a number

of factors:

1. Number of azes of measurement: Because we seek to thoroughly quantify
the contact state of the probe, we require the system to measure contact force
in all three axes and contact torques in all three axes. Of course, we hypothesize

that the force along the axis of the probe will be most significant.

2. Record rate: the device must record contact force at a high enough rate to
capture all of the dynamics of interest. Hand tremor frequency characteristics
taper off after about 10 Hz, so therefore we require the device to measure faster

than 20 Hz.

3. Mazimum force: The device must be able to withstand and measure the
maximum forces that will be applied. Data on contact forces were scare to
non-existent prior to this study, but, as discussed in Section 5.3.1, the existing

literature suggests approximate maximum forces of 20 N [101].

4. Display force: In addition to recording the force, the measured force must also
be visible to the sonographer through some sort of GUI, display, audio tones,

etc., so that he/she can manually control force, if desired. (This is similar to
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Table 3.2: Functional requirements for the force-measuring probe, Series 1.

Requirement | Parameter Value
Probe mass <600 g
Thickness <6 cm
Width <10 cm
Length <15 cm
Ergonomic Probe volume <300 cm?
Attach time <30 sec
Removal time <30 sec
Total system mass <10 kg
Total system volume <30k em?®
Number of axes of force/torque | 6
Measure force Force resolution <0.5 N
Max force >20 N
Record rate >20 Hz
Cost Cost <$10,000

the “Visual Control” scenario for the force-controlled probe, as discussed in

Section 5.7.4.)

5. Resolution: Forces are expected to be on the order of 5 N, so we therefore
require the force sensor noise level and resolution to permit 0.5 N of force to be

measured.

Cost: It is desirable to keep the cost of the system less than that of the ultrasound
probe, which ranges in price from US$5,000-$10,000.

The functional requirements are quantified in Table 3.2.

3.3.1 Design Parameters: Component Selection

The next step in the design process is the selection of the most critical components
and design concepts. The single most important component is the force sensor, which
transforms the contact force into a voltage which can be sampled with the computer.
The other components include the probe clamp and clamshell.

Force sensor: In selecting the force sensor, there are two options: 1) a single,
integrated 6-axis force/torque sensor, or 2) multiple <6 axis force sensors. There

are a handful vendors of integrated 6-axis load cells (e.g., ATI-IA, AMTI, SRI, and
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Bertec), several 3-axis load cell vendors (e.g., Futek, JR3, and ME-Mefisysteme),
and many vendors of 1-axis load cells. After browsing the different offerings, the
6-axis Mini40 force/torque sensor from ATI seemed to provide the necessary force
capabilities (in terms of the range and resolution in Table 3.2) in the smallest form
factor, while still satisfying the cost functional requirement. Therefore, the Mini40

was selected.

After the load cell has been selected, the next step in the process is to design
the remainder of the mechanical components. The load cell consists of a (very stiff)
stainless steel flexure instrumented with strain gauges. As force is applied, the flex-
ures deflect; the deflection is measured with the strain gauges. This means that, to
properly measure force, the device must permit a small amount of relative motion
between the ultrasound probe and the sonographer’s hand. The remaining compo-
nents which must be designed can be categorized into those which will attach to the

“probe-side” of the load cell and those that will attach to the “hand-side.”

Probe clamp: The function of the probe-side components is to attach the ultra-
sound probe to the device. As discussed in the previous section, it must be possible
to rapidly insert and remove the probe, which suggests the need for a quick-release
probe clamp. Early versions of the probe clamp were designed based upon the solid
model obtained by 3D scanning the GE C1-5D probe, and employed four M2 screws
to secure the probe. While this provided a robust solution, it was too cumbersome for
clinical use, and a quicker-release mechanism was sought. Inspired by the mechan-
ical latch used to secure the force-controlled probe’s electronic enclosure, a probe
clamp was designed in SolidWorks and 3D printed from ABS plastic. The clamp is
demonstrated in Fig. 3-2.

The clamp consists of three 3D printed parts—the top (red in Fig. 3-4), bottom
(green), and a latch (yellow)-as well as a small wire bail and wire hinge. The top
pivots about the bottom via the wire hinge and opens wide enough to accommodate
the ultrasound probe. To close the latch, the wire bail is slipped over a lip on the
bottom piece, the latch is pivoted, and locks in position. A diagram showing the

attachment procedure of the probe to the clamp is shown in Fig. 3-2. Attachment is
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readily accomplished in less than 5 seconds, with a similar time for detachment.

/'_\

A B C D E

Figure 3-2: Attaching the ultrasound probe to the device with the locking 3D printed
clamp.

Clamshell: The function of the hand-side components is to provide a grippable
surface for the user while separating his/her hand from the probe-side components (in
order to permit relative motion). For this, we envision a plastic “clamshell,” with two
halves that go around the probe. The clamshell is subject to the same constraints as
the clamp, namely the requirement that it permit rapid attachment and detachment of
the ultrasound probe. Early versions of the clamshell were prototyped, and employed
a number of M3 screws. As with the clamp, while this solution was robust, it was far
too slow. A quicker-release design was required.

The solution that was eventually employed involves the use of magnets to hold the
two shells together, and was first proposed by a UROP student named Javier Ramos.
Six 1/8” cube magnets are embedded in each side of the clamshell. The magnets
hold the two halves together in the Z-direction (as defined in Fig. 3-9), while ridges
prevent the two halves from sliding in the X and Y directions.

To attach the shells, the top shell is first brought into proximity with the bottom
shell (B). The shells begin to magnetically attract at a distance of about 1 em (C),
and the top shell snaps into place (D). The average top-bottom shell holding force
was measured to be 5 N. The process is illustrated in Fig. 3-3.

The probe is removed from the device by following these steps in reverse. The
average total insertion and removal times (including fastening and unfastening the
clamp) were measured to be 13 sec and 16 sec, respectively.

With the design parameters for the three major subsystems chosen, the next

step was to layout the components in a way that meets the rest of the functional
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Figure 3-3: Mating the top shell with the bottom shell. The shells are held together
by magnets.

requirements. The device was designed in SolidWorks and a rendering of the solid
model is shown in Fig. 3-4. Photographs of the device from various angles are shown

in Fig. 3-5.

3.3.2 3D Laser Scanning the Ultrasound Probes

To aid in the design process, the GE C1-5D transducer (used for the force-measuring
probe), as well as the six other probes involved in this thesis, were 3D laser scanned
with a portable NextEngine scanner. As ultrasound probes are highly-utilized pieces
of equipment, it was not feasible to bring the probes to the scanner; the scanner
had to be brought to the hospital to scan the probes. A photograph of the scanning
process, as well as images of the seven probe solid models, are shown in Figs. 3-6 and

3-7, respectively.

3.4 System Description

The device is shown in Fig. 3-5. The sonographer grasps the blue portion of the device
and places the ultrasound probe (white) in contact with the patient. The load cell
measures the 6-DOF relative forces and torques applied between the sonographer’s
hand and the ultrasound probe. In Section 3.6.1, we show that the probe is moved
quasi-statically during ultrasound exams. Therefore, the relative contact forces and
torques between the ultrasound probe and the patient can be calculated.

Fig. 3-8 shows an exploded view of the assembly. The device contains six total
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Figure 3-5: Front, side, and back views of the six-axis force/torque-measuring ultra-
sound probe. Depicted with a 3D-printed ultrasound probe mock-up.
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Figure 3-6: 3D laser scanning the GE C1-5D transducer with the NextEngine scanner.
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Figure 3-7: Solid models of the seven ultrasound probes associated with this thesis
research, obtained by 3D laser scanning the ultrasound probes.
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fasteners, which secure the hinged, locking probe clamp (5 and 3) and the bottom
shell 7 to the six-axis Mini40 load cell 6 (ATI Industrial Automation). Twelve high-
strength neodymium magnets 2 embedded in the top 1 and bottom 7 shells hold
the two shells together with 5 N of force. Ridges present on the top shell prevent
shell-to-shell movement in the Y and X directions (refer to Fig. 3-9, left), while the

magnets prevent motion in the Z direction.

ho GF

~—

ﬂ...&.

11 1—0

11

Figure 3-8: Exploded view of the device.

A three-axis analog-output accelerometer 9 (Analog Devices ADXL 335, mounted
to an Adafruit PCB) is mounted to a recessed shelf within the bottom shell. Plastic
cable ties secure the load cell and accelerometer cables to the bottom shell, providing
strain relief. The accelerometer is used to measure the orientation of the device with
respect to gravity, as discussed in Section 3.5.

This device is custom-designed to fit the GE C1-5-D ultrasound probe 4, commonly-

used for abdominal exams. As discussed in Section 3.3.2, the probe was 3D-scanned
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with a NextEngine Desktop 3D scanner at Massachusetts General Hospital (MGH) in
Boston, MA. SolidWorks was used to design the clamps and shells (average thickness
2.5 mm), ensuring a shell-probe air gap of no less than 3.6 mm. The five parts were

3D-printed from ABS plastic with a Stratasys Dimension Elite 3D printer.

Two National Instruments USB-6009 DAQ boards, housed in a shielded electronics
enclosure (4 in Fig. 3-12), read the load cell and accelerometer voltages. A LabVIEW

virtual instrument running on a laptop records data at a rate of 60Hz.

The goal of this study is to measure the forces F,, F,,, and F,, and torques 7, 7, and
7, that the ultrasound probe applies to the patient’s body, based on the coordinate

system defined in Fig. 3-9.

Figure 3-9: Left: probe-tip coordinate system. It is hypothesized that F), is greatest
during scanning.



3.5 Gravity Compensation

The tri-axial analog accelerometer is used to measure the orientation of the device
with respect to gravity in order to perform gravity compensation. As the sonographer
rotates the device through different angles with respect to gravity, the weight of the
ultrasound probe will appear in the measured forces and torques. We compensate for
the effect of gravity by subtracting off the weight of the ultrasound probe based on
the angle of orientation in order to improve the accuracy of the system.

The three accelerometer output voltages, ¢,, g,, and g, are the projections of the
gravitational acceleration vector 5 onto accelerometer X, Y, & Z axes, as depicted

in Fig. 3-10.

Plane 1

Figure 3-10: Projections of the gravitational acceleration vector onto the X, Y, and Z
planes. Pitch angle ¢ is the angle between vertical and the Z-plane; roll angle « is the
angle between vertical and the X-plane. Yaw angle cannot be accurately measured
with an accelerometer alone.

Assuming negligible inertial effects due to hand tremors (Section 3.6.1), the equa-

tion relating the probe-tip forces and torques Fp to the load cell readings Frc and
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accelerometer readings A is thus:

Fp = Fic + %A + Np (3.1)

where sensitivity S = 300mV/(9.8m/s?), my = 1464, and

(£2) (e (o )

FP PP 0
F? Fm 0
Fp = ,Frc = +
TP T Ty F — rzF;”
T;’ 7';” r E
\7? \7) \ nEr )

A= [g:c, Gys 9z —GyT> + 92Ty, 9Tz, gmry]T
+[0,0,0, —gyc, + 9.¢y, 9zCz, Guty|”

where Nt represents the contributions from the noise sources, as discussed in Sec-
tion 3.6. Quantities with superscript p are probe-tip forces and torques; superscript
m denotes measured forces and torques. ¢, and r, are the Y-distances from the load
cell origin to the center of mass and probe tip, respectively; similarly, ¢, and r, are
the Z-distances. Trigonometry is used to calculate the probe roll and pitch angles

from the accelerometer voltages.

3.6 Measurement Accuracy and Precision

In the system, there exist numerous sources of noise which degrade the accuracy and
precision of the force, torque, and angle measurements. These noise sources include
involuntary hand tremors, cable tug induced by the ultrasound probe cable, and

sensor noise. In this section, we discuss the different sources of noise and evaluate

their magnitudes.
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3.6.1 Inertial Forces Induced by Involuntary Hand Tremors

Here we demonstrate that involuntary sonographer hand tremors contribute negligi-
bly to the measured contact forces and accelerations. As the sonographer grasps the
probe, his or her hand will tremor sinusoidally in the X, Y, and Z directions with
frequencies w = 5 — 9Hz [103] and amplitude A, inducing forces on the ultrasound
probe through the load cell and accelerations in the accelerometer. For the moment,
consider tremors in the Z-direction only, with the patient as reference ground posi-
tion. The relative position between the hand-side of the load cell and the patient,
z1(t), is thus z(t) = Asin(wt). Compliance k and damping b within the load cell
and mounting clamp cause the ultrasound probe to move quasi-independently, with
trajectory z»(t) relative to the patient. A diagram of the system model is shown in

Fig. 3-11.

Figure 3-11: System model. Stiffness k and damping b are present in the load cell-
to-probe connection.

The force f(t) measured by the load cell is

J(t) = k(21(t) — 2(t) + b (2(t) — 22(1)) (3.2)

And the probe equation of motion is mqZ3(t) = f(t). Converting to the frequency

domain via the Laplace Transform, (3.2) becomes

F(s) = mys?(k + bs)

— mzl (8) =C(s)Z1(s)
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For a given frequency s = w, the maximum value of the measured force is thus
Jmaz(w) = c(w)A. Using the results from [103], the worst-case tremor-induced forces
occur for w = 8.0H 2, with amplitude A = 75um, giving the result f(8.0Hz) ~ 0.03N.
This is insignificant compared to the measured forces in Table 3.3, and can therefore

be ignored.

3.6.2 Accelerations Induced by Involuntary Hand Tremors

As the hand tremors, the accelerometer, which ideally measures only the orientation
of the device with respect to gravity, also measures tremor-induced accelerations. To
evaluate the magnitude of these accelerations, we take the second derivative of the
hand position to obtain Z;(t) = —Aw? cos(wt). The maximum acceleration is Z1maz =
Aw?. Based on the worst-case values of w and A from [103], Z1,maz = 0.20m /52, which
is less than 5% of the gravity-induced accelerations (up to 9.8m/s?) and can therefore
be ignored. Thus, the probe can be assumed to move quasi-statically (relative to the

applied forces) during ultrasound exams.

3.6.3 Noise From Cable Pull Force

Another source of signal noise is produced by the ultrasound probe cable. Although
the ultrasound cable is strain-relieved by Velcro-strapping it to the device cable as
shown in Fig. 3-12, as the probe is moved and rotated through different orientations
the cable flexes slightly, resulting in small, non-repeatable forces and torques applied
to load cell.

3.6.4 Noise Sources

The 6x1 vector of the signal noise, N, from (3.1) is comprised of the noise from the

load cell, accelerometer, hand tremors, and the ultrasound cable, by

NT — ]Vl.?znsor + Nlt‘fc'emOT + NSeTLSO?' + Ntremor + Ncable (3‘3)

accel accel
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Figure 3-12: Photograph of the complete system. The ultrasound probe cable 1 is
Velcro-strapped 2 to the device cable to provide strain relief. A steel enclosure 4
houses the electronic components while the laptop 5 displays and records the probe
contact state.

The quantity N7¢"*", for example, represents the contribution of the load cell
(‘l.c.”) sensor noise to the total noise. The relative contributions from each of the five

noise sources were measured and are shown in Fig. 3-13 for F, and 7,.

Figure 3-13: Contributions from each noise source to noise in F,and 7,. F; and F,
(not shown) are similar to F,; 7, and 7, are similar to 7,. The non-repeatable tug of
the cable comprises the majority of total signal noise, followed by the load cell sensor
noise.



3.7 Sonographer Studies

To evaluate the performance of the device and to collect early use data, 13 professional
sonographers used the device to conduct 53 total abdominal ultrasound exams on 10
patients at MGH. Forces, torques, and accelerometer readings were recorded. A
plastic bag was placed over the device to ensure sterility (Fig. 3-15). Mean exam
duration was 419 sec. During each run, videos were recorded and sonographers were

instructed to speak aloud the organ/region being scanned.

Fig. 3-14 shows an example force versus time plot for the axial forces (F,) applied
during a sample run. Text at the top of the plot indicates the organ being imaged.
While this represents data from only one exam, there are a number interesting ob-
servations to point out. The greatest force was applied to the left kidney and spleen,
peaking at about 18 N. In some of the organs, for example, the left kidney, spleen, and
distal aorta, force starts out low and is increased towards the end. In other organs,
for instance, the main portal vein, sagittal IVC, and right kidney, the force stays
relatively constant. Some organs, such as the spleen, gallbladder, and aorta take less
time to image than others like the common bile duct and left kidney. Correlations
between contact force, exam duration, and organ across different exams have not yet

been rigorously investigated. We suggest this as a potential topic for future work.

In the following analyses, we investigate the average force applied throughout the
entire duration of the exam. Example force/torque data from the first nine runs are

presented in Fig. 3-16, and data from all 53 runs are shown in Fig. 3-17.

Table 3.3 summarizes the force/torque data for all 53 runs. & is the mean standard
deviation of the 53 runs. 6, is the standard deviation of the noise. Forces are
expressed in N and torques in mNm. The data demonstrate that the mean force
along the axis of the probe (Y-axis) is much greater than the forces in the X and Z
directions. F}, 7,, and 7, are so small that they lie within the measurement noise.

F., F,, and 7, lie outside of the measurement noise.

Because, as expected, the axial forces (F,) have a much greater magnitude than

the other forces, we investigate F}, in more detail. A histogram of F, from all exams
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Figure 3-14: An example plot of axial force, F,, versus time for Run 479. Yellow
regions indicate time during which the probe was not in contact. Text annotations
at the top denote the organ or tissue that was investigated, while vertical blue lines
demarcate different organs.

Figure 3-15: One of the 53 ultrasound exams conducted at MGH - Boston. The
device was approved for use by the MGH Internal Review Board.
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Figure 3-16: Box and whisker plot of the forces (top) and torques (bottom) for Runs 1
- 9. Solid horizontal black line within each box indicates median value; boxes enclose

distribution, 99.3% of the data fall within the whisker bounds. A noise-measurement

50% of the data. Whiskers extend +2.7¢ from the median value; assuming a normal
run is shown on the right.
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Figure 3-17: Forces and torques from all 53 runs.

94

gguny

Max —A
Key: Mean—>l }2 stdevs




Table 3.3: Summary of force [N] and torque [mNm] data for the 53 runs.
F, F, F, Ta Ty T2
Mean | 0.3 83 -0.01 -190 1 11
Max | 5.7 36.5 104 460 190 570
o 1.6 4.2 1.6 110 37 68
Onoise | 0.25 0.35 0.45 32 20 20

is plotted in Fig. 3-18.

In the force histogram, we see two prominent peaks: one around the median force
of 5.8 N, and one around 0 N. The peak at 0 N indicates times during which the
probe was not in contact. There are a small number of measurements below 0 N due
to a combination of signal noise and possible pushing of the ultrasound probe cable
during scanning. In the subsequent analysis presented, the force is thresholded at 1.2

N in order to eliminate data from the times at which the probe was not in contact.

3.7.1 Correlations with BMI and Sonographer Experience

BMI Correlation

In this section, we investigate the correlations between sonographer level of experi-
ence, patient BMI, and axial force. In conversations with sonographers, they qualita-
tively report applying more force to image heavier patients, for some of the reasons
listed in Section 1.4. We therefore expect that higher forces are applied to patients
with higher Body Mass Indices (BMI). BMI is calculated as the ratio of a person’s
mass (in kg) to the square of the person’s height (in m) and can be coarsely catego-
rized into the following ranges: <18.5 (underweight), 18.5-25 (healthy weight), 25-30
(overweight) , >30 (obese) [80]. A scatter plot of the mean axial force (for each of
the 53 exams) versus volunteer BMI is shown in Fig. 3-19.

While most sonographers apply quite different forces for different patients, it is
interesting to note that some sonographers apply consistently higher force (e.g., pink
triangle and blue star) or consistently lower forces (pink star). In this plot, we see
somewhat of a trend towards higher forces with higher-BMI volunteers, but the spar-

sity of the data points limits the strength of the conclusions that can be drawn. When
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Figure 3-18: Histogram of the axial force F), for all of the 53 exams. X-axis indicates
force range; Y-axis is the number of times that force range was recorded.
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Mean axial force vs. wlunteer BMI
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Figure 3-19: Mean axial force versus volunteer BMI. Each unique icon represents a
unique sonographer. In the plot, we observe a wide spread in contact forces from 5 N
to 14 N. Certain sonographers (e.g., pink star) apply consistently lower force, while
other sonographers (e.g., blue star and pink triangle) apply consistently higher forces.
The data were split into two groups with a BMI = 25 cutoff, and it was found that a
statistically significantly higher maximum force was applied to higher BMI subjects.

97



the contact forces are averaged for each volunteer, the force versus BMI characteristics

are shown in Fig. 3-20.
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Figure 3-20: Mean axial force versus volunteer BMI, averaged for each volunteer.
Blue circles indicate average force, red line spans +1o.

In this plot, higher forces show some correlation with higher BMI, as evidenced
by the trendline. The equation for the trendline is y = 0.322 + 0.5, with an R?=0.61,
indicating a relatively weak correlation.

To rigorously evaluate any correlations between sonographer contact force and
patient BMI, the patient population was split into two groups: a “high BMI” group
(>25, n = 4) and a “normal BMI” group (< 25, n = 6). The mean force and mean
maximum force were calculated for each of the two groups, and are presented in
Table 3.4.

Mean contact force was 9.8 N (22.4 N max) for subjects in the high BMI group
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Table 3.4: Statistical correlations between contact force and subject BML

Grou Mean force Mean max. force
P Value | p-value | Value | p-value
Normal BMI (18.5-25, n=6) | 7.9 N 174N
High BMI (525, n=4) | 105N "0 (o375 0019

and 7.5 N (17.3 N max) for subjects in the normal BMI group, but the difference was
not statistically significant (p = 0.056, which is greater than the p = 0.05 threshold
commonly used in medical literature). However, the average maximum force in the
normal BMI group was 23.7 N, which is statistically significantly higher than that of
the normal BMI group (17.4 N), with a p-value of 0.019.

Sonographer Level of Experience Correlation

In this sub-section, we investigate the presence of any correlations between sonogra-
pher years of experience and contact force. Intuitively, we expect that sonographers
who have been scanning for longer have learned to apply less force to obtain diagnos-
tic quality images, in order to reduce the likelihood of fatigue of WRMSD. To test
this hypothesis, the sonographers were split into two groups: “more experienced” (>5
years, n=6) and “less experienced” (<5 years, n=6).

Force applied by experienced sonographers averaged 8.3N (18.4N max); the less
experienced sonographers averaged 8.0N (19N max). The difference between the two
groups was not statistically significant (p>0.05). A scatter plot of sonographer years
of experience versus mean contact force is shown in Fig. 3-21. In this plot, we see no

clear correlation between years of sonographer experience and applied force.

3.8 Force-Measuring Probe - Series 1: Conclusions

In this chapter, we presented a device that measures ultrasound probe contact force,
torques, and orientation angles during abdominal ultrasound scanning. The device,
which is mechanically-robust and consists of five 3D printed plastic parts (all of which

are easily injection-moldable), along with several fasteners, permits rapid attachment
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Mean axial force vs. sonographer years of experience
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Figure 3-21: Mean contact force versus years of sonographer experience, with each
icon colored with respect to patient BMI. As in Fig. 3-19, we observe a wide spread
in the contact forces. No trend is clearly observable, indicating little to no correlation
between contact force and the number of years of experience of the songrapher.
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and removal of the ultrasound probe. This chapter discussed the design process of the
device, from the formation of functional requirements, to the selection of components.

In 53 full-length abdominal scans, involving 13 professional sonographers and 10
healthy volunteers, totalling 7.5 hours of total exam time, contact forces, torques, and
angles were quantified. It was found that forces applied along the axis of the probe,
which we refer to as the “axial forces” were an order of magnitude greater than the
forces applied along the other two axes. The axial forces were further analyzed to
investigate any correlations between force and sonographer years of experience as well
as patient BMI.

It was found that grand mean axial force across all exams was 8.3 N, with a
standard deviation of 4.2 N. The average forces applied to the high BMI patients
were higher than the forces applied to the low-BMI patients, and the correlation was
shown to be statistically significant. No statistically significant correlation was found

between contact force and sonographer years of experience.
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Chapter 4

Force-Measuring Probe: Series 2

4.1 Introduction

In this chapter, the design of a second force-measuring ultrasound probe is discussed.
The purpose of the second version was to reduce the cost of the first system while

improving portability and ergonomics.

4.2 Objectives

The data collected with the Series-1 force-measuring probe represent the first thor-
ough study on ultrasound probe contact forces. While these data are a promising

start, there are compelling reasons to collect more data:
1. To understand contact forces in other types of exams (in addition to abdominal)

2. To perform a prospective study on the ability of the device to influence sono-
grapher behavior. Specifically, one important objective is to use the probe to

reduce the incidence of sonographer fatigue and injury.

3. Use the device to standardize forces in other clinical applications. Shortly after
the MGH data were collected with the 6-axis probe, we were contacted by a
researcher from an Australian university who is interested in investigating long-

term changes to deep abdominal muscles in patients with long-term lower back
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pain, before and after a clinical intervention. Her goal is to standardize the

amount of pressure applied by the probe to enhance image repeatability.

A combination of these three factors motivated the collection of more data. To
enable expanded data collection, it was necessary to improve upon the Series-1 design
in a number of key areas, and to produce an improved “Series 2” probe. The high-level

objectives for the design of the Series-2 force measuring probe are:

1. Reduce cost: The first force-measuring probe employed a six-axis force-torque
sensor, which cost about $6,000 and constituted a large portion of the cost of
the system. It is desired to reduce the cost of the system to enable the device to
be produced in larger quantities which could be deployed in larger-scale clinical

studies. Lower cost would increase the feasibility of fabricating more prototypes.

2. Improve portability: It would be desirable to reduce the total device mass from
5 kg and the volume from 25,000 ¢m? so that the device could be more easily
transported. Improved portability could make sonographers more likely to use

the device.

3. Improve ergonomics: The Series 1 transducer triples the volume of the probe,
potentially altering the way in which sonographers grasp the probe, which could
lead to skewed results. Ideally, the probe should alter the grip style and exam
as minimally as possible, and not produce any additional discomfort due to a
painful grip. The most significant factor in the size and shape of the probe is
the six-axis load cell. It is desired to change the shape the probe so that it is

more smoothly contoured and therefore more comfortably gripped.

These three qualitative functional requirements, which are defined relative to the
Series 1 probe, can be quantified using the same reasoning as in Section 3.3, and are
presented in Table 4.1. The probe also inherits the additional functional requirements

in (previous) Table 3.2, for example the need to record contact force.
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Table 4.1: Functional requirements of the force-measuring probe: Series 2.
Meta Objective Functional Requirement
1) Reduce parts cost of probe Cost <$6000
Total system mass <5 kg
Total system volume <25,000 ¢
Probe volume <250 cm3
Thickness <53 mm

2) Improve Portability

3) Improve ergonomics

4.3 Mechanical Design

Referring back to the list of design parameters for the Series 1 probe (Section 3.3.1),
it appears that replacing the six-axis load cell with a single-axis load cell could enable
the device to satisfy nearly all of the new functional requirements. But the use of
the single-axis load cell is not without trade-offs; the most significant disadvantage
is that it can only measure force in one direction, and cannot measure torques. This
reduces the information that can be measured in the ultrasound exam. In the next

paragraph, we describe why the use of the single-axis load cell is acceptable.

As discussed in Section 3.7, the experiments performed with the six-axis force-
measuring ultrasound probe demonstrated that, as expected, the forces applied along
the axis of the probe, denoted F, and labeled “Y-axis” in Fig. 4-1, were more than
an order of magnitude greater than the forces applied in the X and Z directions. Fur-
thermore, for the particular sensor used in these studies (the ATI Mini40), the mean
X forces were on the same order as the sensor noise (about 0.25 N), while the mean
Z forces were within the noise threshold. The torques showed similar characteristics;
7, and 7, were within the noise thresholds (about 20 mNm), while 7, had greatest
absolute value, averaging -190 mNm. Because F;, F}, 7,, and 7, are so small, it
is likely that they contribute negligibly to sonographer fatigue or injury and likely
have minimal effect on image quality. Therefore, for future studies measuring probe
contact forces, is likely acceptable to neglect these forces and torques. Thus, the use

of the single axis load cell fulfills the functional requirements.

With the single-axis load cell selected, it is possible to proceed with the design

of the device. The single-axis load cell presents a design challenge, because its shape
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is quite different from that of the six-axis load cell; it is designed to be used in
Instron-type systems, in which the load cell axis of compression lies along the line of
force application, and total axial length has no stringent constraints. In ultrasound
imaging, as discussed in the previous paragraph, most of the force is applied along the
axis of the probe, labeled “Y-axis” in Fig. 4-1. However, connected to the ultrasound
probe through the probe axis is typically a thick cable, with minimum bend radius
no less than 2 cm. Thus, it is not possible to mount the load cell through the axis of
force application and closer to the face of the probe than about 15 cm, which would
give a total system length of more than 17 cm, and violates the max length functional
requirement. Therefore, it is not possible to mount the load cell along the axis of
force application without making the system too long, and therefore requires the load
cell to be mounted off the Y-axis.

Mounting the load cell off axis poses a design challenge, because the application
of a force F" at a distance R between the Y-axis and the origin of the load cell induces
a bending moment M = F'R about the origin of the load cell, as shown in Fig. 4-1.

Z-axis

A\ Ultrasound probe Probe clamp
1

o ; Point P

Clearance, 6

Load cell
origin

moment, M

Figure 4-1: Side view of the ultrasound probe showing the application of force F
along the Y axis, which induces a bending moment M about the load cell. Note: the
X-axis is out of the page.

Because the single-axis load cell is less stiff than the six-axis load cell in torsional
bending, one concern is that the bending moment M will cause the probe to bend

about the X-axis (out of the page). This could reduce the clearance § between the
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probe and the anchor bracket (which, in the case of the Series 1 probe, is the bottom
plastic shell) and cause interference. If the two surfaces touched, extension of the
load cell along the Y axis would be impaired due to friction, causing the force to
be measured with less accuracy. Another concern is that the bending moment could
exceed the load cell torsional deflection ratings (which are not specified by the manu-
facturer). Therefore, in proceeding with the incorporation of the single-axis load cell
into the design, special considerations must be taken.

To determine whether the worst-case bending moment (induced by a contact force
of approximately 45 N) would damage the load cell, a finite element analysis was
conducted. A solid model of the load cell was created by tracing a 2D drawing of the
load cell provided by the manufacturer (Futek). A moment arm with length R was
attached to the load cell and a force F' of 45 N was applied. The stress was calculated

using SolidWorks’ FEA tool, and a screenshot is shown in Fig. 4-2.
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Figure 4-2: Image of the finite element analysis for the load cell with a worst case
bending moment applied. Deformation is exaggerated by a factor of 7.2. The stress
in load cell, which is indicated by the colormap, is highest in the regions with highest
radius of curvature. The maximum stress of 264 GPa is less than the 325 GPa yield
stress of the 2024 aluminum. This suggests that, even at the highest forces, the load
cell is not expected to be damaged.
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Fig. 4-2 displays, in color, the stress in the load cell, which is highest in the inner
regions with high radius of curvature. The maximum expected stress is about 17%
less than the yield stress of the 2024 aluminum, which suggests that, even at the
worst-case force, the load cell will not be damaged. Thus, from a stress point of view,
this design is feasible.

To evaluate the feasibility of the design from a kinematic point of view, the first
iteration of Series 2 was 3D printed from ABS plastic and is depicted in Fig. 4-3, ).
The load cell (labeled “LC”) was connected to the plastic bottom shell on one side

and the plastic probe clamp on the (labeled “P” for “plastic”).

Aluminum

Bearing
Stainless
Steel (3D
printed)

o
=
_—
3
P
o

Aluminum

@ @ ® @ ®

Figure 4-3: Design iterations for the force-measuring probe, Series 2. “P” denotes
“plastic” and “LC” denotes “load cell.” The original 6-axis load cell design D is
shown on the left, final design @ is shown on the right.

While this design (@) was simple and resulted in a thinner, more grippable shape
than the original six-axis design ((D in Fig. 4-3), it was found that the design was too
compliant, and force along the Y-axis caused the probe to deflect about the pitching
direction, causing the probe to touch the bottom shell. It was surmised that the
torsional compliance was due to the compliance of both the load cell and the plastic
clamps.

To eliminate the transmission of a bending moment through the load cell, a new

version was conceived, in which the probe is mounted to a small linear bearing and
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pushes against the load cell. The concept is shown in Fig. 4-4. With this design, the
bending moment, as well as the Z and X contact forces, are supported entirely by the
linear bearing. As the contact force F), varies, the probe clamp causes the load cell
to deflect; deflection is converted into an analog voltage. The linear bearing permits
the sub-millimeter deflection of the load cell. To prevent kinematic overconstraint,

the probe clamp is attracted to the load cell via a small magnet.

Magnetic  Load cell

Linear bearing attraction

Magnet

Figure 4-4: Linear bearing concept for Series 2 of the force-measuring probe. The
linear bearing resists all bending moments and forces except for the contact force
along the Y-axis, which is transmitted directly to the load cell.

This design was fabricated and evaluated. While the device operated as expected,
there were a number of concerns. First, the addition of a moving part (the linear
bearing and carriage) introduces one more failure mode for the system, a failure mode
that is not present with design (2. Second, the linear bearing is not frictionless, and
therefore the measurement accuracy is limited to the friction force of the bearing.
Over time, the bearing lubrication might decrease, and therefore the force would be
read less accurately. Third, the magnetic attraction between the probe clamp and
the load cell meant that the two parts were not rigidly connected; sufficiently high
force could cause the two to detach. The use of a flexure instead was considered, but
the design was ruled out due to the other concerns mentioned. Due to its simplicity,

it was desired to stiffen the design of concept @).
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As discussed, the torsional compliance of concept @ could be due to a combina-
tion of the compliance of the load cell and the compliance of the 3D printed plastic
components. To stiffen the parts to which the load cell is mounted, a new design
was conceived, @), which consisted of a steel probe clamp and steel anchor bracket.
The probe clamp was 3D printed from stainless steel by Shapeways, Inc.!, while the
anchor bracket was waterjetted and machined from steel. A photograph of the design,

concept # @ is shown in Fig. 4-5.

Figure 4-5: Force-measuring probe concept @), consisting of a 3D printed stainless
steel probe clamp and a waterjetted/machined anchor bracket.

While @ was considerably stiffer than @), it too suffered from a number of draw-
backs. First, the total mass of the components was nearly 200 g, similar to the weight
of the probe itself, which was near the limit total mass of the functional requirement
in Table 3.2. Second, ultrasound probe did not fit as well within the probe clamp.

The original probe clamp accommodated the probe due to the principle of elastic av-

!The resulting composition is actually 70% stainless steel and 30% bronze.
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eraging [99]: the plastic probe clamp was compliant, and bent around the ultrasound
probe. The stainless steel probe clamp is rigid, and therefore the probe itself needed
to bend in order to fit within the clamp. This is undesirable, because it increases the
likelihood of the probe being marred and scratched. Due to these concerns, design

@ was ruled out.

Although @ was ruled out due to its weight and tendency to damage the ultra-
sound probe, it did have sufficient torsional stiffness. This demonstrated that the
concept of mounting the load cell via steel (instead of plastic) connections on each
side stiffened the system. To reduce the mass of the device while maintaining stiff-
ness, design (B) was conceived. The load cell would be attached to on each side by an
aluminum bracket. The aluminum brackets would attach to 3D printed plastic parts.
The role of the aluminum was to provide high stiffness at the high-stress load cell
contact interfaces, then distribute the stress over a larger surface area to the plastic
components. A transparent view of the concept is shown in Fig. 4-6.

Concept ® was fabricated via plastic 3D printing, machining and waterjetting.

The most critical questions to answer were: 1) what is the maximum torsional
stiffness that can be achieved using the single-axis load cell?, and 2) is that maximum
stiffness high enough to prevent interference? To address the first question, a number
of experiments were conducted with designs @) - ) as well as slight variations. In each
of these experiments, the effective torsional stiffness about the load cell was measured
through a force-displacement test. The various designs were rigidly fixed beneath
a miniature Instron-type machine (discussed in [42]). The indentor was placed in
contact with the end of the ultrasound probe, at the point P shown in Fig. 4-1,
force was applied in the Z direction, and the force-displacement characteristics were
measured. The linear stiffness was mapped back to an effective torsional stiffness at
the load cell based upon the length of the lever arm (the distance along the Y-axis
from P to the load cell origin).

A bottom view of the various configurations tested is shown in Fig. 4-7. Several
configurations (#4, 5, and 7) used a mock-up load cell, a solid aluminum block with

the same dimensions as the actual load cell, in order to measure the stiffness of the
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Figure 4-6: Force-measuring probe, Series 2, concept (5), in which the load is sand-
wiched between aluminum mounting brackets, which are secured to the 3D printed
plastic probe clamp and bottom shell.

112



Table 4.2: descriptions of each of the configurations, along with the measured torsional
stiffness of each.

Run # | Anchor bracket | Real load cell? | Probe clamp | Torsional
material mounting stiffness

material (Nm/rad)
4 Aluminum Mockup Aluminum 35.8
5 Aluminum Mockup Aluminum 48.5
7 ABS Plastic Mockup ABS Plastic 10.7
9 Linear bearing Load cell Linear bearing 46.6
10 Aluminum Load cell Aluminum 23.2
11 ABS Plastic Load cell ABS Plastic 11.5
12 Steel Load cell ABS Plastic 13.1
14 Steel Load cell Stainless steel 23.4

other components.

4

Figure 4-7: Bottom views of the configurations tested. The configurations varied in
terms of the material of the part mounted to each side of the load cell (3D printed
plastic, aluminum, or steel) and whether the real load cell or mock-up load cell was
used. Black arrows indicate chronological direction of development.

The measured torsional stiffness of each of the various configurations tested is
shown in Table 4.2.

From Table 4.2, the torsional stiffness of Run 14, with load cell mounted between
the steel probe clamp and steel anchor bracket, was approximately 23.4 Nm/rad.
Since the steel probe clamp and anchor are considerably stiffer than the load cell,
this stiffness measurement represents the torsional stiffness of the load cell itself.

Therefore, this is the maximum stiffness we expect to see in any of the runs. Run 10
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shows similar stiffness to Run 14, which therefore indicates that the stiffness in these
designs is limited by the compliance of the load cell. Thus, these designs are all as
stiff as possible given the Futek LSB200 load cell.

Thus, both of the questions posed above have been answered: 1) maximum pos-
sible stiffness given the single axis load cell was found to be about 23.4 Nm/rad, and
2) it was found in design #14 that it is stiff enough. The next step in the design
process is to select from the maximum-stiffness designs the design that best fulfills
the functional requirements, specifically the mass constraint.

Design 10 has maximum stiffness and also employs lighter-weight aluminum com-
ponents. It therefore fulfills the functional requirements better than design 14 and
is consequently selected as the most appropriate design for the single-axis force-
measuring probe.

In proceeding with the mechanical design, the next important consideration is
ensuring that the shape of the device is ergonomic. This means minimizing the size
of the device and making sure there are no sharp edges. Using the 3D scanned
solid model for the probe, various designs were prototyped. Various part thicknesses
and clearances were tested to find a design with sufficient stiffness with no areas of
interference. Different strategies for strain-relieving the cable were also prototyped,
including plastic zip ties, hot glue, and a machined aluminum clamp. The aluminum
clamp was used in the final design. Images of the various 3D printed prototypes are
shown in Fig. 4-8.

The final design is shown on the bottom right of Fig. 4-8. Three prototypes of
the system were fabricated, two of which were brought over to MGH for validation.
During two full-length abdominal scans with a real sonographer and the real GE C1-
5D probe on a healthy volunteer, the device performed as expected, and the design

was finalized.

4.4 System components: Series 2

A photograph of the complete system is shown in Fig. 4-9.
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Figure 4-8: Prototypes of the Series 2 force-measuring probe. The prototypes differ
in terms of part thickness, clearances, and cord grip. A major factor that necessitated
a number of additional iterations was due to the kinematics of how the probe clamp
fit around the probe. Black lines indicate the chronological progression of the various
design iterations.
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Laptop

Figure 4-9: Force-measuring probe, Series 2: the complete system.

The one force and three accelerometer voltages (X, Y, &Z) are sampled with a
single National Instruments USB-6009 DAQ board, which is housed, along with the
Futek CSG110 signal amplifier, in the plastic signal electronics box, shown in Fig. 4-
10.

Signals from the DAQ board are passed to a laptop, and read with an executable
file written in LabVIEW. Force and device angles are displayed on a graphical user

interface (GUI), a screenshot of which is shown in Fig. 4-11.

The program records forces and angles at a rate of about 40 Hz; the GUI displays
the force with a vertical bar, and the angles in form of an aviation-style display. To
restrain the components during transport, the AC adapter magnetically attaches to

a black 3D printed plastic holder, as shown in Fig. 4-12.

A photograph of the system prepared for clinical use is shown in Fig. 4-13.
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Figure 4-10: Photograph of the signal electronics box, which contains the Futek
CSG110 signal amplifier and NI USB-6009 DAQ board. Wires are all strain-relieved

with cord clamps. Components were laid out to minimize overall volume to maximize
portability.

Contact
Force (N)
5

HEm Mas

II Insti
Tect

Figure 4-11: Screenshot of the graphical user interface (GUI) for the Series 2 force-
measuring probe. The GUI displays the contact force as well as the pitch and roll
angles of inclination of the probe.
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Figure 4-12: Magnetically attaching the AC adapter to the black plastic holder.

Ultrasound
machine

Figure 4-13: The force-measuring ultrasound probe, Series 2, after clinical use at
MGH.
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Table 4.3: Comparison between the Series 1 and Series 2 force-measuring probes.

Series | Measures Mass | Volume | Parts cost | Custom parts | # built
1 6-axis force/ | 5 kg | 25k em? $7k 5 plastic 1
torque
2 1-axis force 1.8 kg | 7.5k em? $1.5k 5 plastic, 2 Al 3

4.5 Comparison: Series 1 vs. Series 2

The Series 2 probe achieves the cost and system mass functional requirements better
than the Series 1 probe. Specifically, the total system has about one-third the weight,
one third the volume, and one-fifth the parts cost as compared to the Series 1 design,
while satisfying all of the other functional requirements from Table 4.1. The important
differences between Series 1 and Series 2 are shown in Table 4.3.

A photograph showing both systems is shown in Fig. 4-14.

Series 1

Figure 4-14: Size comparison of the Series 1 and Series 2 force-measuring probes.

The performance and capabilities of each of the prototypes are compared with
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Table 4.4: Comparison between functional requirements (F'Rp) and measured capa-
bilities (Dp) of the force-measuring probe, Series 1 and 2.

D Safety Factor
Parameter Fh, Series 1 IpSeries 2 N Series 1 | Series 2

System Mass (kg) | 10 5 1.8 -1 |2 5.6
Attach + remove | 60 30 30 -1 2 2

time (s)

Cost (3) 10k 7k 1.5k T |14 6.7
Frnms (N) 20 80 15 1[4 2.3
Thickness (mm) | 60 51 53 -1 1.2 1.1
Probe mass (g) 600 168 180 -1 3.6 3.3

the original functional requirements in Table 4.4. As discussed in Section 6.2 and
Equation 6.1, the parameter N is +1 for functional requirements with favorable high
values (e.g., maximum measurable force), and N is -1 for functional requirements
with favorable low values (e.g., system mass).

A graphical comparison of the original functional requirements with the actual
design specs for the Series-1 and Series-2 force-measuring probes is shown in Fig. 4-
15. In this spider plot, for type N = -1 functional requirements, the reciprocal of the
functional requirement is taken so that favorable values are farther outward on the

“spider web.”

4.6 Conclusions

This chapter presented two ergonomic, instrumented ultrasound probes that measure
ultrasound probe acquisition state. The first device measures contact forces and
torques in six axes, along with pitch and roll angles of orientation. The second device
measures contact force in one axis, and is considerably lower-cost.

The devices both consist of robust designs with 5 or fewer 3D printed plastic parts,
all of which could be injection molded. Both devices employ quick-release probe
clamps and magnetic shell-to-shell attachment, which permits rapid attachment and
removal of the ultrasound probe from the device.

The first device was used to measure contact forces and torques during 53 abdom-
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Functional Requirements vs. Device Specs - Force-Measuring Probe

1/System mass 1/Probe mass
1/kg 0.56 1!%
0:006

Series 1 Probe 0.42
Series 2 Probe

Requirement
T, 0958 F FATE0 \ 1/Thickness
1/s otf 0.021/mm

0.00033

0.00067
1/Cost g0 ~ Max measurable force

1/$ N

Figure 4-15: Spider plot comparing the original functional requirements with the
actual values for the force-measuring probes. ‘T,g.,  refers to the total time to attach
and remove the probe.
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inal ultrasound exams conducted by 13 professional sonographers on 10 patients at
Massachusetts General Hospital. The mean axial force (8.3 N) was found to be in
close agreement with that measured by Salcudean [91] in carotid exams (6.4 N), and
within the 5 N-20 N range specified by Guérin [101] in abdominal, cardiac, and renal
exams. Contact force was found to be higher for high-BMI patients than for low-BMI
patients. No statistically-significant correlation was found between sonographer level
of experience and contact force.

This work represents the first rigorous study of ultrasound probe contact forces.
Future work includes using the device in a much greater number of exams of different
types with more sonographers in order to develop a more comprehensive understand-
ing of the forces applied during ultrasound imaging. These data could be used to
better-understand the correlations between sonographer contact force and the risk of
fatigue and musculoskeletal injury.

Finally, we can now specify the third of the three critical functional requirements
in the design of the force-controlled ultrasound probe, namely the contact force. The
maximum force that the force-controlled probe will need to be able to apply is the
maximum force recorded by the force-measuring probe, i.e., 36.5 N. Of course, it would

be prudent to place an appropriate safety factor upon the functional requirement.
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Chapter 5

The Force-Controlled Ultrasound
Probe

5.1 Summary

In this chapter, we present two hand-held devices that apply a programmable contact
force between the ultrasound probe and the patient. The purpose of these devices
is to control one of the acquisition state variables of the ultrasound probe, namely
the contact force, in order to improve the repeatability of ultrasound imaging and
reduce the level of operator skill necessary to obtain diagnostic-quality images. The
mechanical portion of the device consists of a ball screw linear actuator driven by a
servo motor, along with a load cell, accelerometer, and limit switches. The perfor-
mance of the second prototype was assessed in terms of the frequency response to
simulated sonographer hand motion and in hand-held image feature tracking during
simulated patient motion. The system was found to attenuate contact force variation
by 97% at 0.1 Hz, 83% at 1 Hz, and 33% 10 Hz, a range which spans the typical
human hand tremor frequency spectrum. In studies with fifteen human operators,
the device applied the target contact force with ten times less variation than in con-
ventional ultrasound imaging. An ergonomic, human-in-the-loop, imaging-workflow
enhancing control scheme, which combines both force- and position-control, permits

smooth making and breaking of probe-patient contact, and helps the operator keep
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the probe centered within its range of motion. By controlling ultrasound probe con-
tact force and consequently the amount of tissue deformation, the system enhances

the repeatability, usability, and diagnostic capabilities of ultrasound imaging.

In this chapter, we discuss a system—a handheld, electro-mechanically actuated,
programmable-force ultrasound probe—and control techniques to provide a known
contact force and reduce image and imaging-workflow variations. The three force-
controlled ultrasound probe prototypes developed as part of this research are shown

in Fig. 5-1.

Figure 5-1: The three force-controlled ultrasound probes that have been developed.
Prototype 1 was the subject of the author’s masters research [40]; Prototypes 2 and
3([15],[16],[17],[18],[41],[43]), which are discussed in this thesis, were developed during
the author’s PhD research.
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Table 5.1: References corresponding to the prior art shown in Fig. 5-2.
Label | Name/Affiliation; Reference

(1) CMU Micron; MacLachlan [62]
(2) | JHU Steady Hand; Mitchell [67]

(3) Harvard; Yuen [117]
(4) Da Vinci; Broeders [24]
(5) Tokyo; Ueta [109]

5.2 Related Work: Hand Tremor Suppression Sys-

tems

The relevant literature for this work is any medical device that attenuates hand
tremor. A sampling of five relevant hand tremor-suppressing devices from the litera-
ture is shown in Fig. 5-2.

As discussed by MacLachlan, et al, in the Micron project [62], most manipulation
aids developed for medical applications can be classified into one of two categories:
cooperative control or master/slave control. In cooperative control, both the operator
and robot arm hold the tool. The robot arm, which is very stiff and not easily
backdriveable, filters out the operator’s hand tremors due to its high stiffness. A
force sensor positioned between operator’s hand and the tool measures the applied
force, and the actuator moves in response to the applied force in an effort to reduce
it to zero. The JHU Steady-Hand Robot (label 2) represents the cooperative control
technique, in which the surgeon and robot share control of the tool, which is mounted
to the 5-DOF robot via a force sensor. The tool is moved by leadscrew-driven and
planetary gear-driven stages. Admittance control is used to move the stages with
velocities proportional to the applied forces, and tremor compensation is achieved due
to the stiffness of the system. The system, which is designed for retinal microsurgery,
is fixed to the table and has an XYZ range of motion of +50 mm, which makes the
device less suitable for large-area ultrasound imaging, such as the abdomen, in which
scanning dimensions are on the order of 300 mm.

A number of devices fall into the latter category of master/slave control, in which

the user manipulates a master controller, the positions of which are measured and
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Figure 5-2: Five hand tremor suppression devices from the literature. Labels are
identified in Table 5.1. Note: the photos in a given row are for a particular device.
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digitized, then transmitted electronically to an actuated slave manipulator, which is
commanded to move according to the master’s motions. As discussed in Section 1.3.2,
a number of ultrasound-scanning robots are designed for tele-echography, which is
a form of master/slave control. The master/slave technique has the advantage of
enabling digital or electronic filtering of hand position, in addition to scaling, in
order to suppress tremor. The Tokyo 5-DOF vitreoretinal surgical system (label 5)
[109] and the Intuitive Surgical da Vinci Robot (label 4) [24] are both examples of

master/slave control.

A third actuation technique which shares some aspects of both master /slave con-
trol and cooperative control is exemplified by the CMU Micron system (label 1), de-
veloped for microsurgical applications, as well as the Harvard beating heart surgical
tool (label 3), in addition to the force-controlled ultrasound probes presented in this
thesis. With this third actuation technique, which we shall refer to as “macro /micro”
control, the operator essentially provides coarse control of the tool, while the actuator
provides fine control and suppresses hand tremors. An actuator separates the user’s

hand from direct contact with the tool.

The CMU Micron system [62] consists of a handheld microsurgical tool which is
gripped by the user and placed in contact with the patient. In between the user’s
hand and the tool endpoint is a 3-DOF piezoelectrically-actuated stage with 400um
range of motion. Mounted to both the hand-side and tool-side of the stage is a series
of infrared LEDs, whose position is tracked by an earth-grounded camera system. A
control system actively stabilizes the tool endpoint with respect to the camera ground,
enabling high-bandwidth (> 100 Hz) hand tremor suppression and higher-precision

tool manipulation.

Micron, which is designed for microsurgery, would be less suited for force-controlled
ultrasound imaging. While Micron’s 400um range of motion (in 3 DOFs) is adequate
for microsurgery, it would not be sufficient for large-area ultrasound scanning. In [43],
we found that a range of motion of approximately 4-5 cm was necessary to accom-
modate undesired hand motion in abdominal imaging. In addition, because Micron’s

two position-detecting cameras are fixed to the ground, rather than the patient, the
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system is sensitive to patient motion. In ultrasound imaging, the patient is typically
not immobilized, and limbs can move during respiration or under an applied force. As
discussed in [105], systems that are patient-referenced, rather than earth-referenced,
can achieve higher positional accuracy in ultrasound imaging. For these two reasons,
Micron’s architecture would be less suitable for force-controlled ultrasound imaging.

Yuen and colleagues [117],[118] have developed a handheld voice coil-actuated 1-
DOF surgical tool that enables a surgeon to operate on a beating heart. A fixed
3D-ultrasound probe placed a distance away from the tool monitors the position of
the heart’s mitral valve while a predictive filter, along with a feed-forward controller,
deliver a control signal to the voice coil. The device reduces variations in contact force
by up to 75%, as compared with unassisted freehand operation. The device could
potentially be adapted to enable high-bandwidth constant-force ultrasound imaging.

Both Micron, the Harvard beating heart tool, and the force-controlled ultrasound
probe described in this paper share the common aspect of a hand-held device in which
user’s hand is separated from the tool by an actuator, which is used to reduce unde-
sired hand motions and stabilize the tool’s position. The force-controlled ultrasound
probe differs from these systems in terms of its range of motion and its ability to
translate the moving mass of an ultrasound probe.

In terms of control, the voice coil-actuated tool by Yuen [117],[118] employs an
extended Kalman filter and PID controller to actuate the voice coil. The 6-DOF
ultrasound robot by Zhu [119] uses a shared control strategy to simultaneously control
the probe velocity, position, and force. The TER robot by Vilchis [111] uses open-loop
position control. None of these control strategies alone can ensure endpoint avoidance
(i.e., staying away from the range of motion limits) and the ability to make and break
probe contact, two important attributes of our system that we discuss in more detail
in Sections 5.9 & 5.10.

This and the following chapter describe the design, use, and analysis of an er-
gonomic, handheld, force-controlled ultrasound probe suitable for large-area scanning.
The device controls one of the probe’s translational DOF's, while measuring two of

the probe’s angles of orientation. A combined force/position control system permits
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ergonomic use of the device.

5.3 Force-controlled probe: design process

As mentioned, three prototypes of the force-controlled ultrasound probe have been
developed (shown in Fig. 5-1). The three devices differ in terms of range of motion
and ergonomics, but all were designed for general abdominal and musculoskeletal
imaging. Prototype 1 was developed in the author’s masters research, and the design
process is described in [40]. Prototypes 2 and 3 were a component of the author’s
PhD research, and are discussed in detail in this thesis.

In this section, we present the process followed in the design of the second proto-
type, a photograph of which is shown in Fig. 5-3, along with a solid model rendering.
3-axis

accelerometer
Timing belt i

Ball screw

Servo
motor

Ultrasound Load cell

probe

Figure 5-3: Solid model (L) & photo (R) of the force-controlled ultrasound probe,
Prototype #2. The device is depicted without the protective plastic cover.
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5.3.1 Functional Requirements

Thus far in this thesis, we have determined the three most critical functional require-

ments for the force-controlled probe, namely the necessary range of motion, power,

and contact force. Next, we discuss the evaluation of the other important functional

requirements.

The primary objective of the force-controlled ultrasound probe is to help the

sonographer control one of the acquisition state variables of the ultrasound probe,

namely the contact force, as discussed in Section 1.4. This implies a number of

attributes that the device must possess:

1. Handheld. The device must fit comfortably in the sonographer’s hand and

must be able to be used for approximately 10 minutes at a time, the typical

ultrasound exam duration [44]. This places requirements upon the mass and

dimensions of the probe itself:

(a)

(b)

Mass: The device must have sufficiently low mass that it can be held in
an intermittently outstretched arm for up to ten minutes without causing
the sonographer’s muscles to fatigue. During use, the probe will be in con-
tact with the patient for a large portion of the time; during this time, the
patient will support the programmed contact force of the probe while the
sonographer will suppor the weight of the device minus the contact force.
When the probe is moved from one scan area to another, or the desired
contact force is reduced, the device’s mass will need to be supported en-
tirely by the sonographer’s hand. Examples of objects that are used in a
similar intermittently outstretched/supported manner are cordless drills,
cordless vacuum cleaners, and hand tools such as hammers and wrenches.
The mass of these items ranges from approximately 0.5 to 5 kg. We de-
sire for the force-controlled probe to be on the lighter-weight end of this

spectrum, therefore, we require a probe mass of less than 2 kg.

Length: Ultrasound probes are used to scan all areas of the body, and

occasionally need to fit in tight areas due to patient geometry (e.g., behind
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(c)

the leg, under the chin, etc.). Thus, the device must be short enough to

fit in these areas. Lengths less than 20 cm will suffice.

Girth/diameter: The most ergonomic grip in ultrasound imaging is the
“power grip,” in which the thumb and fingers grasp completely around
an object; the fingers are tucked under the thumb. To reduce the risk of
injury and fatigue, sonographers are advised to use the power grip when
possible and avoid the “pinch grip,” in which the fingers and thumb barely
meet [70]. To maximize the amount of time sonographers can spend in

pinch grip, we require a diameter of less than 8 cm.

2. Portable. It must be possible to move the device occasionally from one ultra-

sound exam room to another, which places requirements upon the mass and

volume. We require a mass of less than 20 kg and volume less than a 0.4 m

cube.

3. Intuitive and easy to use. In order for the device to be ergonomic, both the

sonographer and patient must be able to interact with the device naturally and

intuitively. This places requirements upon:

(a)

(b)

Tremor attenuation: As the sonographer scans, his/her hand inevitably
tremors involuntarily. Hand tremor frequencies are typically below about
10 Hz [62],[36], which means the device must be able to produce measurable
motion at 10 Hz in order to attenuate the tremors and maintain a constant

force.

Mazimum force: The device must be able to apply at least the maximum
force it is expected to encounter; from [44], the maximum force is approx-

imately 20 N.

Control system: The control system must be able to accommodate both
sonographer and patient motion. Special considerations that the controller
must be able to handle include: probe collisions with hard objects, such as

bone; initiating and breaking probe/patient contact (force goes to zZero);
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(d)

and times when the actuator reaches a travel limit.

Range of motion: Due to the involuntary hand motion mentioned above,
the sonographer cannot keep his/her hand in a fixed position. Since, as
discussed below, compressing tissue results in a change in contact force, the
device must have a certain range of motion in order to prevent sonographer
hand motion from changing the contact force. We hypothesize that for
larger scan lengths, the sonographer’s hand will tremor more, resulting in
the need for greater range of motion. It is theorized that a range of motion
of 5 cm will be sufficient for this application. (The correlation between scan

length and necessary range of motion is discussed at length in Section 2.2.)

4. Safe. Above all, the device must power no risk to the sonographer or the patient.

This suggests that special considerations must be taken into account for:

(a)

(b)

Pinch protection: Because the device contains moving parts, the user and

the patient must be protected from the risk of being pinched.

Mazimum force: The contact force must be monitored to ensure that the

device never applies too much force to the patient.

Mazimum continuous power: The total electrical power that the device can
provide should be limited to reduce the severity of any electrical shocks.
An upper limit of 100 W is chosen. At the same time, the device must also
be able to supply a certain minimum amount of mechanical and electrical
power to ensure tremor attenuation and constant force application. As
discussed in Section 2.3, both hand tremors and the application of static
force contribute to the power requirements; the power requirement actually
depends upon the type of actuator chosen. For the sake of continuity,
we present the power requirements for two types of actuators (voice coil
and ball screw) in Table 5.2, and discuss the origin of these numbers in

Section 2.3.

5. Easy to sterilize. As with any medical device, the system must also be easily
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Table 5.2: Summary of the quantitative functional requirements for the force-
controlled ultrasound probe, Prototype 2.

Functional Requirement Parameter Value
Probe mass <5 kg
Handheld Probe length <20 cm

Probe girth/diameter | <8 cm
Total system mass <20 kg

Portable Total system volume | <0.06 m?
Bandwidth >10 Hz
Permits natural interaction Maximum force >20 N
Range of motion >5 cm
. 03 W <P <100 W
Power Max continuous power
(screw/servo)

40 W <P <100 W
(voice coil)

sterilizable. Potential methods of achieving sterility include covering the device

with a plastic bag or putting in an autoclave after each use.

The functional requirements for the force-controlled ultrasound probe are summa-

rized in Table 5.2.

5.3.2 Design Parameters

This section discusses the selection of the system components (also known as the
design parameters) based upon the functional requirements. Considering the need
to provide one DOF of linear motion, as discussed in Section 2.1, the most critical

components of the system are listed below:

1. Actuator

2. Power transmission

3. Linear motion constraint
4. Force sensor

5. Component layout

133



Design parameter

Ball screw, rack and pinion,
cable drive, compressed air,
muscle

1 or 6-axis load cell, pressure
sensor: single or array,
sonographer’s proprioception

Figure 5-4: The five most critical components in the system, along with examples of
each.
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These five critical components, along with examples of each, are shown in Fig. 5-4.
The two most important components in the system are the actuator and the power
transmission. The actuator converts electrical power to mechanical power, while the
transmission converts the actuator’s mechanical force or torque into linear motion of
the ultrasound probe. Therefore, in the design process, it is sensible to select the
actuator and power transmission first. A Pugh chart was constructed to evaluate the

various actuation options across a range of attributes, and is shown in Fig. 5-5.

Attribute
High Sim- Force/ Force Power/

! Stroke Program- 5
band- plicity : / g. : power control weight
size ratio  mability 4 i
ratio accuracy ratio

Actuation method

Piezo-actuatbr

-

Figure 5-5: Pugh chart comparing the various linear actuation options to the baseline
rotary motor + transmission option.

1. Actuator: Each of the actuation options is discussed below.

(a) Rotary motor + transmission: By itself, a rotary motor (i.e., servo or
stepper) provides only rotational motion, which must be converted into
linear motion through a transmission. Options for transmission include
ball screw, rack and pinion, belt drive, and cable drive, and are illustrated

in Fig. 5-6.
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Figure 5-6: Candidate mechanisms for converting rotational motion into linear mo-
tion: ball screw, rack and pinion, belt drive, and cable drive. Clockwise, from top-left:
ball screw, preloaded rack and pinion, cable drive, and belt drive.



(b)

(d)

The primary concern associated with converting rotational motion into lin-
ear motion is backlash. Because this device must compensate for tremors
of up to 10 Hz, the motor will be moving back and forth rapidly; back-
lash must be reduced to ensure continuous probe position information and
reduce mechanical wear. In the case of the rack and pinion, the pinion
gear must be preloaded through some sort of rotational spring; for the belt
drive or the cable drive, the belt/cable must be appropriately tensioned.
As long as it is preloaded, the ball screw requires no additional measures
to eliminate backlash. Due to its simplicity, the ball screw was chosen as
the most appropriate choice for the rotary motor, and is therefore included

in Fig. 5-5.

Voice coil motor: Compared to the ball screw + servo, the voice coil motor
requires more power to hold a constant force, but has the advantage of be-

ing direct-drive, enabling it to move faster and achieve higher bandwidths.

Linear motor: the linear motor is similar to the voice coil, although the
linear motors investigated as potential candidates for this application used
heavy magnets which were near the limit of the mass functional require-

ment.

Pneumatic actuator: A potentially more appropriate choice than the high
transmission-ratio ball screw due to its backdriveability, the main draw-
back of the pneumatic actuator is the limited bandwidth of the compressed

air system.

Constant force spring: The use of a passive, purely-mechanical force-
controlling device (such as a constant force spring attached to a low friction
stage) instead of an electronically-controlled system is appealing due to its
simplicity. It could apply a constant force without requiring any power
whatsoever. However, there are a nurilber of major limitations associated
with such a design. First, the contact force is determined by the spring

stiffness and cannot be easily adjusted; a priori, the appropriate contact
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(f)

(g)

force is not known and therefore it seems appropriate for the device to be
able to apply a range of contact forces, not simply one set force. While
it is possible to design a mechanism to adjust the spring stiffness on the
fly, such a system would introduce a considerable amount of complexity.
An electromechanical system provides the flexibility to easily change the
contact force for different areas of the body, or for conducting a sweep
through a range of different forces. Second, unlike an electromechanical
system, such a passive device cannot achieve gravity compensation. If the
ultrasound probe (mass 120 g) were rotated from vertical to upside-down,
for instance, a passive mechanical system would read an artificial 2.4 N
change in contact force (twice the probe’s weight), therefore limiting the
accuracy to 1.2 N. An electromechanical system can attain the required
0.1 N force accuracy by actively compensating for the weight of the probe

by measuring the angle of orientation of the device.

Piezo actuator: There are various piezo actuators on the market today
(Physik Instrumente and Dynamic Structures, for example) that amplify
tiny amounts of strain in each individual piezo element via a mechanical
flexure. Although these devices provide the appeal of an ultra-high band-
width system with integrated linear motion constraint, the main drawback
is that their stroke length is extremely limited. No piezo actuators on the
market today provide the necessary range of motion in the required form

factor.

Simple mass (not shown): Another potential option with similar simplicity
to the constant force spring is simply a mass with a weight that is equiva-
lent to the desired force. For example, if the desired force is 8 N, then one
could simply attach enough mass to the ultrasound probe so that its total
mass was about 800 g. As long as the probe is vertical, the contact force
would simply the mass of the probe, provided that the user was not sup-
porting much of the weight with his/her hand. An added benefit besides

simplicity is the fact that the mass of the device would result in some low-
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pass filtering of hand tremors, thereby smoothing the fluctuation in the
contact force!’. The main drawback with this extremely simple concept is
that it would require that the probe be held vertical. As soon as the probe
deviates from vertical, the contact force would no longer be constant. This
is imposes a severe constraint, because verticality is not often maintained
during ultrasound scanning, particularly for the abdominal exams that
were observed during the studies with the force-measuring probe. Future
work could include identifying those exams in which the probe is typically
held vertical, but for now, we choose to rule out the simple mass option

because the verticality constraint significantly limits applicability.

Based upon the Pugh chart analysis, the voice coil and ball screw were identified
as the most appropriate actuation concepts, and were selected for further analysis

with respect to the functional requirements.

5.3.3 Voice coil vs. Ball screw 4+ servo motor: Power re-

quirements

Previously, in Section 2.3, we demonstrated that the required power, which depends
upon the actuator type, consists of both static and dynamic components, and is

reproduced below:

meffA2w2

P:Psaic+Prms=RKF2+
tat ( ) 2\/2-

(5.1)

where

Mprobe + Jrot /12 — ballscrew
gy =  "te o/~ ballse (5.2)
Mprobe — VO A
1/K,—VCA
L/K; — ballscrew

K= (5.3)

LOf course, such low-pass filtering would be accomplished by any device with sufficiently high
mass.
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For abdominal and musculoskeletal imaging, we saw in Section 2.3 that the voice
coil would require nearly 23 W of continuous power while ball screw would require
less than 7 W. Of course, we would want to place appropriate safety factors on each
of these requirements. While voice coils capable of continuously sustaining 23 W
exist, there are none that can also fulfil both the stroke and size/mass functional
requirements. The ball screw power of 7 W can be easily supplied by nearly any
servo motor.

Therefore, in the case of the force-controlled probe, the ball screw + servo motor
is selected as the best actuator/transmission combination. (It is shown in Chapter 7
that a voice coil actuator is the appropriate choice for the dynamic imaging probe

due to the relaxed stroke length requirement and higher bandwidth requirement.)

5.3.4 Component Selection & Layout
Ball screw & servo motor

Next, the particular servo motor and ball screw must be selected. Various options
were considered and evaluated with respect to the functional requirements. A Maxon
EC-16 232241 (16 mm diameter) brushless servo motor is chosen, along with an NSK
Monocarrier MCM2002P02K integrated ball screw/linear ball guide. Three of the
five most important design parameters have now been selected: the 1) actuator, 2)
power transmission, and 3) linear motion constraint. The last step is to select the

force sensor and layout the system components.

Force sensor

As shown in Fig. 5-4, numerous force sensor options are available, from 1l-axis to
6-axis load cells to pressure sensors. Pressure sensors would need to be situated
directly in between the ultrasound probe and patient in order to properly measure
contact force. While these sensors would give an accurate estimate of the force, they
would block transmission of the ultrasound pulses and could therefore not be used.

With respect to number of axes of measurement of the load cell, since the device only
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needs to control force in one direction, it only needs to measure force in one direction.
Therefore, a single-axis load cell is chosen. The particular load cell that best fulfils the

functional requirements is the Futek LSB200, with +45 N force-measuring capability.

Component layout

Finally, the last step is to lay out the important system components (servo motor,
ball screw linear actuator, load cell, and ultrasound probe) and design the parts to
attach the components to each other.

It was found that the most hand-ergonomic configuration was to mount the servo
motor behind the ball screw actuator, and to connect the two via a small toothed
timing belt and pulleys. Since the timing belt must be tensioned to eliminate backlash,

hardware must allow the entire motor assembly to be moved relative to the ball screw.

5.4 Force-controlled probe prototype 2: Mechani-

cal components

Images of Prototype 2 (shown without its protective plastic cover) are shown in Fig. 5-
7.

‘The device consists of an NSK Monocarrier MCM02002P02K ball screw linear
actuator driven via a 2:1 reduction timing belt by a Maxon EC-16 232241 brushless
servo motor. Probe position is measured by the motor’s 2000 count/rotation rotary
encoder. A custom 3D-machined aluminum and polycarbonate mount clamps around
the ultrasound probe, and a +45 N Futek LSB200 load cell measures the applied force.
A protective 3D-printed ABS case protects the user’s hand from the moving parts
(Fig. 5-1). Within the ABS case, an Analog Devices ADXL335 3-axis accelerometer
is mounted and is used to measure the orientation of the device with respect to
gravity, discussed in Section 5.4.1. Omron E2S proximity sensors are triggered when
the carriage nears either travel limit. The outside dimensions of the protective case

measure 9.5 cm X 14 cm x 4 cm, and the total mass of the device is 750 g. An exploded
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Figure 5-7: Images of the force-controlled probe, Prototype 2.
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view of the device is shown in Fig. 5-8, and the components are listed in Table 5.3.

The device maintains a user-defined contact force throughout its range of motion
of 5.0 cm, as shown in Fig. 5-9. Due to the low-backlash drivetrain, which consists
of the ball screw (linear backlash: <20um), timing belt/pulley (rotational backlash:
0.15°, which translates into 0.8um linear backlash), and backlash-free helical beam
coupling, the motor’s 2000-count rotary encoder provides an accurate, repeatable

measure of the linear position of the carriage to within £ <11pm.

5.4.1 Angle Measurement and Gravity Compensation with

the Accelerometer

The tri-axial analog accelerometer is used to measure the orientation of the device
with respect to gravity. Because the ultrasound probe (mass 86 g) is mounted between
the load cell and the point of patient contact, the load cell reading will consist of a
combination of the weight of the ultrasound probe and the contact force. The load
cell measures the contact force along the Y-axis only, as defined in Fig. 5-1. As the
orientation of the device is varied, the magnitude of the projection of the gravity
vector onto the Y-axis will also vary, which will result in a varying ultrasound probe
weight. To isolate the contact force measurement, the weight of the ultrasound probe

must be subtracted.

The accelerometer outputs three analog voltages, which correspond to the acceler-
ation in the X, Y, and Z axes. Accelerations are produced by both gravity and hand
motion (including hand tremors), the latter of which we seek to reject. From the
analysis in [44], hand-induced accelerations are small compared to gravity and result
in negligible inertial forces induced upon the ultrasound probe. Therefore, the ac-
celerometer can be used to estimate and compensate for the weight of the ultrasound

probe, and the contact force can be accurately calculated.
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Figure 5-8: Exploded view of the force-controlled ultrasound probe, Prototype 2.
Labels are discussed in Table 5.3.
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Table 5.3: Descriptions of the components of Prototype 2

Component | Description Purpose Part number
number
1&2 Protective cover | Grasped by sonographer; protects | 3D printed
and back hand from moving parts. Mounts
accelerometer (not shown)
3 Toothed timing | Transmits torque from motor | SDP-SI  6B16-
belt shaft pulley (16) to ball screw pul- | 045025
ley (4)
4 Ball screw pulley | Provide torque to ball screw SDP-SI/ ma-
chined
5 Outrigger bear- | Holds motor shaft pulley; permits | Machined from
ing easy removal of timing belt aluminum
6 Motor support Holds motor and shaft; screws ad- | Machined from
just pulley/pulley distance, belt | aluminum
tension
7 Brushless servo | Provides torque; diameter: 16 | Maxon EC-16
motor mm 232241
8 Coupling Transmits torque; permits axial | McMaster
misalignment of motor and shaft | 2463K1
9 Load cell Converts contact force to an ana- | Futek LSB200
log voltage; mounts probe
10 & 12 Probe clamp Clamps around probe, attaches to | 3D machined
load cell polycarbon-
ate (12) and
aluminum (10)
11 Ultrasound Images the tissue of interest Terason 7L3V
probe
13 Ball screw linear | Converts rotational to transla- | NSK Mono-
actuator tional motion; constrains to 1 | carrier
DOF MCMO02002P02K
14 Proximity Triggered when carriage ap- | Omron E2S
(limit) switches [ proaches endpoint
15 Mounting bar Mounts probe clamp to ball screw | Machined from
carriage aluminum
16 Motor shaft pul- | Transmits motor torque to timing | SDP-SI  6A15-
ley belt tension 028MXL05
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7.0N 7.0N 7.0N

Figure 5-9: The device compensates for up to 5.0 cm of relative motion between the
sonographer and patient.

5.4.2 Electronics and Software

A custom, 3-layer, surface-mount PCB handles signal routing and gravity compen-
sation, and is shown in Fig. 5-10. The analog accelerometer delivers a voltage pro-
portional to the magnitude of the gravity vector projected onto the axis of the load
cell.

An op-amp circuit on the PCB amplifies the signal, which corresponds to the
weight of the ultrasound probe, and subtracts it from the force feedback from the
Futek load cell. The resulting signal, which represents the actual contact force, is
fed back to the motion card. The amplifier, PCB, and power supplies are housed in
an insulated electrical enclosure, shown in Fig. 5-11. The complete system, shown in
Fig. 5-12, is portable for clinical use.

Control software is written in LabVIEW. When operating in force-control mode,
the target force is input to a PD (Proportional-Derivative) controller running on an
NI PCI-7538 motion card. The controller compares the target force to the feedback

force and generates a command signal. When operating under combined position
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Figure 5-10: The 3-layer, surface-mount PCB for Prototype 2. Routes signals be-
tween device, amplifier, DAQ board, and power supplies. Op amp performs gravity
compensation with accelerometer and load cell voltages.

Figure 5-11: The electrical enclosure for prototype 2 (left), which contains the PCB
(Fig. 5-10), amplifier, AC adapters, UMI-7744 screw terminal board, and Futek
CSG110 signal amplifier.
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Figure 5-12: The system, equipped for clinical use.
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and force control (discussed in Section 5.9) the force command signal is summed
with the command signal from a position control loop, and the resulting signal is
sent to a Copley Controls ADP-090-09 amplifier. The Copley amplifier acts as a
voltage-controlled current source, delivering a current to the motor in proportion to
the command voltage.

During operation, the LabVIEW control program monitors the position, velocity,
current, force, and limit switches and disables the amplifier output if any limits exceed
safe parameters. A GUI (graphical user interface), visible in Fig. 5-12, allows the
user to change the target force and monitor the actuator position, contact force, and

angular orientation.

5.4.3 Selecting the Appropriate Contact Force

Typical and appropriate probe contact forces are expected to be different for different
ultrasound exam types; for example, it is expected (although not yet quantified) that
near-surface imaging of delicate structures, such as the carotid artery, require less
contact force than does imaging of deep abdominal tissues. To ensure diagnostically-
acceptable image quality, sonographers qualitatively report applying more force when
imaging through thick layers of fat or in the presence of gas, as discussed previously
in Section 1.4. Within a specific exam type, contact forces have been found to exhibit
significant variation across sonographers. In [44], we found that forces applied by 10
professional sonographers during 36 abdominal exams averaged 7.0 N, with a standard
deviation of 3.0 N, and ranged from 0 N to 27.3 N.

How then does the sonographer select the appropriate contact force setpoint to
use for the force-controlled probe? One strategy would be to scan at the literature
value of the average force for the particular exam type (7.0 N for abdominal imaging,
for example). More studies are needed to quantify contact force in different types of
exams. Another strategy would be to turn off the actuator and passively measure
the contact force while capturing an image, then use that measured force as the force
setpoint for subsequent scanning. For this purpose (and for the user studies described

in Section 5.7.4), the force-controlled probe includes a force-measuring mode, in which
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the sonographer can turn off the actuator and still measure the applied force. The
system is capable of measuring and controlling contact force up to 45 N.

For longitudinal imaging, in which a specific region of interest is scanned over time
to investigate change, in each exam, the contact forcé setpoint could be set to the value
from the previous exam. In elastography imaging, which involves capturing images at
a range of forces, the force controlled probe could be set to sweep through the range of

appropriate contact forces while synchronously recording force and ultrasound images.

5.5 Control System Overview

Next, we present a brief overview of the control strategies employed in the device. In
this system, we utilize a combination of force control and position control; the force
controller allows the actuator to apply a constant force throughout 80% of its range
of motion, while the position controller prevents the actuator from reaching its travel
limits. We discuss the role of the position control system in more depth in Section 5.9.
The two control loops are selectively enabled or disabled in software depending upon
the position of the actuator within its range of motion. A diagram of the combined
force and position control loops is shown in Fig. 5-13.

In this figure, the primary input to the system is the target force Fi,rger, Which
can be modified by the user. The patient position Xp and sonographer hand position
Xs (Fig. 5-15, discussed in Section 5.6.1) are modeled as disturbance inputs. This
control strategy is similar to a switched strategy of Impedance Control [50], in which
a combination of force and position are simultaneously controlled.

During the experiments discussed in Section 5.7, the position control loop was
disabled, and the device operated under pure force control only. Fig. 5-14 shows a
block diagram of the force control loop. The purpose of the force control system is
to provide a constant contact force in spite of disturbances caused by 1) sonographer
motion, and 2) patient motion. The controller G(s) compares the target force with
the measured contact force and delivers a voltage command to the amplifier, which

converts the voltage to a current via the gain K4. The current, which is supplied
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Figure 5-13: A block diagram of the control system, which consists of both a closed
loop force controller and closed loop position controller. The signals are summed

together via an analog operational amplifier circuit. Both loops can be independently
enabled or disabled.
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to the motor, produced a torque Ty,otor upon the windings based upon the motor
torque constant Kr, which results in rotation of the ball screw to position 6(t).
The disturbance inputs resulting from sonographer hand motion, X,(s), and patient
motion, X,(s), are injected into the system via transfer functions A(s) and B(s),
respectively. The resulting motion of the ultrasound probe is translated to the contact

force via the patient contact dynamics C(s).

Xs(s)
" Amolif Device A(s) Contact
Controller - Amplifier dynamics dynamics
FtﬂfEEt(S) I:error volts amps 6 (s) Fcontact(s)
'
B(s)
Xp(s)

Figure 5-14: A block diagram showing the force controller only, which was used in
the experiments in Section 5.7.

5.6 System Modeling and Experimental Testing

In the following sections, we first present a model of the system, followed by ex-
periments to evaluate its performance. In Section 5.7.1, we describe experiments to
evaluate the frequency response of the system across a range of sonographer hand
tremor frequencies. In Section 5.7.3, we discuss the ability of the system to stabilize
ultrasound images during patient motion. Finally, in Section 5.7.4, we present the
results of user studies which compare the ability of the system to maintain a constant

contact force with that of fifteen human operators.
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5.6.1 System Model

A diagram of the system model is shown in Fig. 5-15. The device is gripped by
the sonographer and placed in contact with the patient. The two human-device
interfaces are denoted as Interface A, at which the sonographer grips the handle of
the actuator, and Interface B, at which the ultrasound probe makes contact with the
patient. Interfaces A and B, described in detail in Sections 5.6.2 and 5.6.3, are both

modeled as viscoelastic [53].

The device itself consists of thee independent moving masses: 1) the ultrasound
probe and carriage, of combined mass My and position X, (t) (all positions are rela-
tive to the fixed reference position at the bottom); 2) the ball screw, motor rotor, and
transmission, of total rotational inertia J and rotational position 6(t); and the ac-
tuator itself, which consists of the motor stator, linear bearing, and protective shell,
of combined mass M4 and position X4(t). Xa(t), Xu(t), and 6(t) are coupled by

Equation 5.4, where [ = 2mm/rotation is the ball screw lead:

_ (Xa—Xvy)

? l

(5.4)

The motor is modeled as a torque source, converting current to torque 7, by the
torque constant Kr. The ball screw transmits to the carriage axial and radial forces
f1 and f, respectively, which are related by the screw thread angle a. The carriage
and ball screw experience internal frictional force and torque, respectively, described
in Subsection 5.6.4. The ultrasound probe of mass My exerts a force Fipntae: On the
patient’s tissue of mass My. The contact force is sensed by the load cell and is fed

back to the control system.

Model parameters were determined through a combination of experiments and
a literature review. Next, we describe modeling of both human-device interactions,

followed by a discussion of device friction characteristics.
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Figure 5-15: A model of the system while the device is grasped by the sonographer
and placed in contact with the patient.
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5.6.2 Model Parameters - Interface A

The purpose of the force-controlled ultrasound probe is to maintain a constant contact
force between the ultrasound probe and the patient in spite of disturbances. The
disturbance inputs to the system consist of patient motion and sonographer motion.
In this section, we discuss the effects of sonographer hand motion and its impact upon

the performance of our system .

While the sonographer grips an object, his or her hand moves due to a combination
of tremors and involuntary motion, as discussed in Section 5.6.5. The dynamics of
the arm-hand system are known to present significant modeling difficulties, and have
been extensively studied in the literature [61],[102],[103],[36],[114],[57],[86]. Rakheja
[86] presents a thorough comparison of many of the arm/hand models developed in the
literature within the context of the injury risks associated with mechanical vibrations.
Speich [102] compares four arm/hand models from the literature developed for tele-

manipulation applications.

All models treat the human-machine interface as viscoelastic, and differ in terms of
the number of masses, springs, and dampers. The models show orders-of-magnitude
variation in parameter values such as the stiffness and damping coefficients, making
it challenging to determine which values to assume for this particular mechanical
system. As described in Section 5.6.5, hand tremor has been studied extensively
in the literature and is well-characterized in terms of frequency content and tremor
amplitude. In modeling our system, we therefore choose to treat Interface A as
consisting of the hand grip only. We treat the skeleton of the sonographer’s hand as a
position source coupled to the actuator through one spring and one damper. Because
the sonographer’s hand is treated as a position source, it is not necessary to model

the moving mass of the hand.

Literature values of hand stiffness range from k = 44,000N/m (effective) [114] to
k = 40N/m [102] — more than three orders of magnitude. Damping values lie within
two orders of magnitude, from b = 3.6Ns/m [102] to b = 175Ns/m [57]. The most

similar study to ours is that of Wood [114], in which the forearm is modeled as two
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flexural beams representing the radius and ulna, and the hand as two mass-spring
damper pairs. Because bone stiffness is much higher than that of the hand, the hand
model can be simplified to one lumped mass-spring-damper with effective damping
b=27Ns/m.

Given the wide range of literature values for hand grip stiffness, we conducted
several experiments of our own to determine the hand grip stiffness value within
the context of our system. In the experiments, a human subject gripped an object of
similar mass to the force-controlled ultrasound probe and rested his wrist upon a rigid
support. As the subject held the mass, a linear actuator and load cell were placed
in contact with the hand-held object and the force-displacement characteristics were
quantified. The experimental setup utilized the load frame hardware shown in page
796816-7 of [42]. The average stiffness over ten runs was found to be k = 5500N/m.

With a stiffness of ¥ = 5500N/m and damping coefficient b = 27Ns/m, the

sonographer’s hand grip of the device (Interface A) is fully characterized.

5.6.3 Model Parameters - Interface B

Next, we discuss and model the interface between the ultrasound probe and the
patient. Regardless of whether the patient is stationary or moving, it is necessary to
model the probe/patient interface in order to accurately model the behavior of the
contact force as the ultrasound probe moves. As the probe moves in contact with
the patient, a non-negligible volume of the patient’s tissue moves as well, and this is
modeled as a five-element system consisting of mass My, which is positioned between
the ultrasound probe and the patient’s skeleton, and connected by two springs, ko
and ks, and two dampers b, and bs, as discussed in Speich [102]. We model the
stiffness and damping as being equally distributed between the springs and dampers,
i.e., ko = k3 and by = bs.

For the frequency-sweep experiments described in Section 5.7.1, we placed the de-
vice in contact with a 500 g tissue-mimicking phantom. The phantom was constructed
from mineral oil and styrene-ethylene/butylene-styrene copolymer [82], which is known

to exhibit similar mechanical properties to human tissue. Experiments were per-
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formed to evaluate the stiffness of the phantom utilizing the force/displacement hard-
ware in [42]. Contact force was measured as the actuator extended 1 cm. A line was‘
fit to the force-displacement data, and the slope was found to be 345 N/m, simi-
lar to the mechanical properties of the human heart [118]. Because this stiffness is
equally distributed between the two springs, each spring has half the stiffness; i.e.,
ks = ks = 173N /m. The damping coefficient, which is more challenging to measure di-
rectly, was calculated based upon the phantom dimensions and the literature values of
the mineral oil-type phantom damping characteristics [82] to be by = b3 = 1.0Ns/m.
With Mr, ks, k3, ba, and b3 quantified, Interface B is fully characterized.

5.6.4 Model Parameters - Friction

Previously, we demonstrated that the internal frictional forces and torques within
the ball screw actuator are non-negligible, consisting of both dynamic and static
components [43]. Sources of friction include ball bearing viscosity and bearing wiper
friction. Both the linearly translating carriage as well as the rotating ball screw
experience friction; since the two are coupled, we lump all friction into the rotational
domain. We modeled friction as having two discrete regimes: 1) ball screw is rotating,
and friction torque is constant; and 2) ball screw is stationary, and friction torque
matches applied torque, saturating at a critical value. The switching between these
two discrete regimes based upon velocity was found to introduces modeling difficulties.
To simplify the model, we seek to model friction as a continuous function.

During actual use, the ball screw is stationary for a very small fraction of the
time that it is moving. We therefore approximate friction as having one regime,
in which friction torque 7,.(t) depends solely upon the direction of the rotational
velocity, w(t), i.e., Tfric(t) = Terit - Sign(w(t)), where 7. is the critical friction torque.
Experiments were performed to evaluate the friction torque characteristics of the ball
screw. The motor was commanded to rotate the screw at constant velocities from
500 - 2500 RPM (typical rotational velocities during device operation), while motor
current and rotational speed were simultaneously measured. Friction torque was

estimated via the motor torque constant K; = 5.5 mNm/A. Over four runs, friction
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torque was found to average 14 mNm. Therefore, in this friction model, 7..; =14

mNm.

Modeling the friction characteristics of the ball screw have proven quite challenging
for a number of reasons. First, the linear translation of the carriage is coupled to the
rotation of the screw, so it is not possible to independently measure the friction
characteristics of the linear ball bearing and the rotating ball screw; the two friction
characteristics are therefore lumped together. Second, friction has low repeatability
and high variation between experiments. In some experiments, it was found that the
friction forces varied by 50%, even though all other variables in the experiments were
held constant. Therefore, the friction characteristics used in these models represent

the averages from multiple runs.

5.6.5 Hand Tremors

In this section, we discuss the frequency and amplitude characteristics of hand mo-
tion, represented as X;(s) in the model. Involuntary hand motion has been studied
extensively in the literature. In the Micron project [62], the tip position of a 40 g
hand-held tool was recorded during a hold-still task at a rate of 200 Hz for a total
of 27 minutes. The spectrum of tool-tip motion was found to have the highest am-
plitude at DC (low frequencies), and decreased by approximately a factor of ten per
decade of frequency beyond 0.3 Hz. The amplitude of vertical motion at 0.1 Hz, for
example, was found to be about 30 times greater than that at 10 Hz. Stiles [103]
and Elble [36] present similar findings, in which nearly all of the power in the hand
tremor spectra lies below 10 Hz when subjects held masses of approximately 500 g
(similar to the mass of the force-controlled ultrasound probe). The control system
of the force-controlled ultrasound probe must therefore be effective in stabilizing the

device for hand motion frequencies up to 10 Hz.
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5.6.6 Simplified Model

In modeling this system, we could choose to model the variation of contact force
with sonographer hand motion and/or patient motion. In [43], we demonstrated
agreement between simulation and experimental data for the reduced model in which
the actuator was fastened to a fixed location X4 relative to the reference position,
while the position Xp of the patient’s bone is free to move. This would simulate the
effect of an infinitely stiff grip holding the actuator at a fixed position (rigid Interface
A) with the ultrasound probe in contact with a moving patient.

In a clinical setting, it is likely that patient motion will introduce less disturbance
than the motion of the sonographer’s hand. Therefore, in this paper, we investigate
the effect of sonographer hand motion upon contact force, assuming the patient’s
bone position Xp is fixed. For the purposes of investigating the relation between the
disturbance input X and the contact force Fiontact, We assume that the target contact

force, Fiarget, is fixed.

5.6.7 Experimental Evaluation: Frequency Response

Experiments were performed to evaluate the ability of the device to maintain a
constant contact force across a range of sonographer hand motion frequencies. To
replicate the sonographer’s hand, a mechanical hand phantom stage was constructed
which, as discussed in Section 5.6.9, consisted of a ball screw-driven linear stage
along with a spring and a dashpot which mimicked the stiffness and damping of the
hand grip. The force-controlled ultrasound probe was mounted to the hand phan-
tom stage, affixed to the spring and dashpot, and placed in contact with the mineral
oil/copolymer phantom. The controller was programmed to maintain 3.0 N of con-
tact force between the ultrasound probe and the phantom. To simulate sonographer
hand motion, the hand phantom stage was moved sinusoidally at amplitudes ranging
from 0.1 mm to 10 mm across frequencies of 0.1 Hz to 30 Hz, a typical range of
hand tremor frequencies studied in the literature [62]. As the hand phantom stage

oscillated, contact force and stage position were recorded with a digital oscilloscope
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and later analyzed with Matlab.

The ultimate goal of this system is to help the sonographer to achieve a more
stable contact force than is possible in conventional (unassisted) ultrasound imaging.
To evaluate the performance of the system with respect to this criterion, it is necessary
to compare the force fluctuation of the force-controlled ultrasound probe with that of
a standard, conventional ultrasound probe. In conventional ultrasound imaging, the
sonographer grasps the probe and places it in direct contact with the patient. Tremors
and involuntary hand motion move the probe and, due to the dynamics of the patient’s
tissue, the contact force fluctuates. Therefore, the most appropriate analogue for
conventional ultrasound imaging, within the context of this experiment, would be to
mount an ultrasound probe to the same hand phantom stage and perform the same
frequency sweep as with the force-controlled ultrasound probe, while measuring the
contact force and stage position.

To that end, we also performed the 0.1 Hz to 30 Hz frequency sweeps with a
force-measuring ultrasound probe prozy mounted to the hand phantom stage. The
proxy probe consisted of an object of mass 108 g (similar to the 86 g mass of the
Terason 7L3V probe for which the force-controlled probe is designed) instrumented
with a Futek +45 N LSB200 load cell. The proxy probe was mounted to the hand
phantom stage via the same springs and dashpot used for the force-controlled probe.
The proxy probe, with a contact area of 4.5cm? (also the same as the Terason 7L3V
probe), was placed in contact with the same phantom, which was moved to such a
position that the DC bias force was also 3.0 N. The hand phantom stage was then
swept through the range of frequencies while the contact force and stage position were

recorded.

5.6.8 Equations of motion

In this simplified model, in which the position of the patient’s bone Xp is fixed,
the parameter of interest is the contact force and the input is the motion of the
sonographer’s hand. We proceed to derive the transfer function between X, and

Fontact, and begin with the frequency-domain equations of motion for the actuator,
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ultrasound probe, ball screw, and patient’s tissue, respectively:

(s + k)X (5) — Xals) — fls) = MasXo(s) 65
f2(8) = Feontact(s) = Mys*X,(s) | (5.6)
() = Tynels) + Bl = - (Xuls) — Xul5) 67
Fanae(5) = (s + K9 X1 (5) = My X (s 9
where
Fanae(5) = (05 + k) (X (8) ~ Xr(5), 9
Tirelt) = T sign((t) (5.10)

By combining Equations 5.4- 5.10 and solving for F,,niact,

Feontact(8) = Y (8)Xs(8) + Z(s)sign(6(s)) (5.11)

Due to the nonlinear nature of the friction torque, it is not possible to eliminate
0(s).

The dynamic model for the ultrasound probe by itself when it is gripped by the
sonographer and placed in contact with the patient is a simplified version of Fig. 5-15,
and is shown in Fig. 5-16.

For this experiment, in which the position of the patient’s bone Xp is fixed and the
sonographer hand position Xg is treated as a position source, the model consists of
two moving masses: the ultrasound probe and the moving mass of the patient’s tissue.
The transfer function between the contact force and sonographer hand position can

be derived by combining Equation 5.11 with the Equation 5.12 below

(Xs(8) — Xu(8))(b18 + k1) — Frontact(8) = Mys>X,(s) (5.12)
to obtain the expression
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Figure 5-16: Model of the ultrasound probe gripped by the sonographer.

162



Fontact(s) = L(5) Xs(s) (5.13)

where L(s) is a transfer function of fourth order in the numerator and denomina-

tor.

5.6.9 Hand Phantom Stage

The purpose of the hand phantom stage was to mimic both the grip dynamics and
tremor frequency/amplitude characteristics of the sonographer’s hand. Diagrams of
the two hand phantom stage experimental setups are shown in Fig. 5-17. Experi-
ments were performed first with the force-controlled ultrasound probe, followed by
the force-measuring proxy probe. A ball screw linear stage driven by a Maxon EC-
Max 30 272768 brushless servo motor provided linear motion. The force-controlled
ultrasound probe was mounted to the carriage of the hand phantom stage via a small
linear bearing (labelled “Linear Bearing 2” 'in Fig. 5-17) and was connected to rest
of the stage via a spring. To provide damping, an adjustable Airpot Precision Dash-
pot 2KS95 was connected between the ball screw carriage and the force-controlled
ultrasound probe. The axes of motion for the dashpot and spring were parallel to the
motion of Linear Bearing 2. Experiments were conducted with the system oriented
in the horizontal plane to eliminate the effects of gravity.

In Fig. 5-17 (A) and (B), parts that share the same colors move together, with the
exception of the spring and damper, which are colored in yellow for emphasis. The
parts colored red are affixed to a rigid table; the parts in blue translate linearly as the
ball screw rotates; the force-controlled ultrasound probe and proxy probe are shown
in black, while the actuated components of the force-controlled probe, including the
load cell and ultrasound probe, are colored green.

The values of the spring stiffness and dashpot damping were chosen to match
the parameter values discussed in Section 5.6.2. A candidate spring was selected,
and the force-displacement measuring machine from [42] was used to measure the

stiffness of the spring, which was found to be 5400 N/m, close enough to the target
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Figure 5-17: Diagrams of the hand phantom stage evaluating the frequency response
of (A) the force-controlled ultrasound probe, and (B) the force-measuring ultrasound
probe proxy
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value of 5500 N/m; this corresponds to the spring stiffness k; in Figs. 5-16 and 5-
15. By rotating a small screw, the dashpot was tuned to achieve similar damping
to the target value of 27Ns/m. To evaluate the damping coefficient of the dashpot,
the force-displacement measuring machine was moved at constant speeds while the
change in force was recorded. A line was fit to the force-velocity data. Over ten
runs, the damping coefficient of the dashpot was found to average 24.8 Ns/m, which

corresponds to the damping coefficient b; in Figs. 5-16 and 5-15.

5.7 Experimental Data

5.7.1 Frequency Response: Model vs. Data

A total of nine frequency sweeps were performed with the force-controlled ultrasound
probe mounted to the hand phantom stage, while two sweeps were performed with
the force-measuring proxy probe. Sinusoids were fit to both the contact force vs. time
and the hand phantom stage position vs. time traces. At each frequency, the force
amplitude/position amplitude gain (measured in N/mm) and relative phase (degrees)
were calculated. The data from the various runs were averaged at each frequency.
The system dynamics from Equations 5.11 and 5.13 were modeled in Simulink with
input X,(t) and output Foontact(t). The frequency responses for the model and actual

system are compared in Fig. 5-18.

5.7.2 Frequency Response: Discussion

We first discuss the data for the force-controlled ultrasound probe, shown in blue
in Fig. 5-18. In terms of magnitude, both the model and experimental data exhibit
close agreement below 15 Hz. If the force-controlled probe attenuated sonographer
hand motion perfectly at all frequencies, the contact force would not fluctuate and
the gain would be zero across all frequencies. But, due to the system dynamics and
the presence of actuator friction, the gain is non-zero, and the magnitude response

exhibits a roughly constant slope of slightly less than 1 decade/decade below 6 Hz.
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Figure 5-18: Magnitude (top) and phase (bottom) response with moving hand phan-

tom stage. Averaged experimental data are shown as dotted lines; simulated response

is solid. Magnitude is expressed in N/mm as the relative amplitude between contact

force and input motion. Data for the force-controlled ultrasound (FCUS) probe are

shown in blue; data for the force-measuring proxy probe are red.
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This indicates that the attenuation of sonographer hand motion degrades as hand
motion frequency increases. At around 6 Hz, the gain is 2 N/mm, indicating that if the
sonographer’s hand moved sinusoidally with amplitude 1 mm and frequency 6 Hz, the
force would oscillate sinusoidally Wiﬁh amplitude 2 N. The dynamics of the phantom
begin to come into effect beyond 6 Hz; given the stiffness and mass of the phantom,
the estimated natural frequency of the phantom (based upon w, = /k/m [75]) is
approximately 8.3 Hz. At higher frequencies, the dynamics of the hand phantom stage
become significant; the estimated natural frequency of the spring/force-controlled
probe system (using the same equation) is 16.1 Hz.

In terms of phase, the model and data exhibit roughly the same shape; contact
force leads the sonographer hand motion across all frequencies, with a peak in phase
around 13 Hz, between the natural frequencies of the patient phantom and the hand
phantom systems. The experimental data indicate lower relative phase than the model
below 4 Hz, which suggests that the friction approximation described by Equation 5.10
is not fully descriptive of the system at lower frequencies, in which friction forces
dominate inertial forces.

Next, we discuss the data for the force-measuring ultrasound proxy probe, depicted
in red. As the ultrasound probe moves in contact with the phantom, the contact force
fluctuates due to the phantom stiffness. We expect that at low frequencies, in which
inertial effects are negligible, that the ultrasound probe-phantom system acts as a
simple spring of stiffness k2 + k3, which is the equivalent stiffness of the phantom, and
was found in Section 5.6.3 to be 345 N/m. This reasoning would therefore predict
a constant gain of 345 N/m and relative phase of 0° at low frequencies, which is
indeed confirmed by both data and simulation. At frequencies above 10 Hz, the
magnitude and phase both increase, as predicted by the model; above 15 Hz, both

exhibit unmodeled dynamics.

Comparison: Force-controlled imaging vs. conventional imaging

In the magnitude plot, the gap between the red and blue experimental data represents

the performance enhancement of the force controlled probe over a conventional ultra-
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sound probe. Low gain in the plot indicates less contact force variation for a given
hand motion amplitude. The force-controlled probe exhibits 97% less force fluctua-
tion than the ultrasound probe at 0.1 Hz, 83% less at 1 Hz, and 33% less at 10 Hz.
The gain of the force-controlled probe is less than that of the ultrasound probe itself
at all frequencies studied. The force-controlled probe shows higher relative phase
than the ultrasound probe, but in terms of contact force stabilization, phase has less
relevance than gain.

As discussed in Section 5.6.5, the hand tremor frequency spectrum has highest
power at low frequencies; the frequency content is 30 times higher at 0.1 Hz than
at 10 Hz. Therefore, within the range of expected hand tremor frequencies, the
force-controlled probe exhibits significant attenuation in contact force fluctuation as

compared to a conventional ultrasound probe.

5.7.3 Experimental Evaluation: Image Stabilization

We also tested the ability of the system to obtain stable ultrasound images while the
tissue of interest is in motion. Such motion could be induced by movement of the
sonographer’s hand, motion of the patient’s body, or both, and would be expected
during an ultrasound exam. In a real exam, the patient could move in all six degrees
of freedom; for simplicity, in these experiments we investigate the effect of motion in
one direction only.

In these experiments, an ultrasound phantom was vertically translated on a linear
stage, as in the experiments in [43]. A human operator held the force-controlled
ultrasound probe in contact with the moving phantom and attempted to maintain a
constant probe/phantom contact force for two cases: 1) automatic force control off
and 2) automatic force control on.

Initially, the phantom was translated sinusoidally, but we found that users quickly
learned to compensate for the sinusoidal motion due to its predictability. Therefore,
we extracted patient motion data from an on-going clinical trial in which the device
is used to track muscle changes in patients with Duchenne Muscular Dystrophy [13].

(The study was approved by an institutional review board.) A 10.1-second motion
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trajectory from a representative patient was extracted and applied to the phantom
stage, with a range of 2.6 cm. Thus, the phantom was moved in a biologically-
mimicking manner. The exams were performed one hour apart to mitigate the effects
of user training through repetition.

The cross-section of the mineral oil/copolymer phantom measured 8 cm x 5 cm,
and contained a 1 cm-diameter cylindrical ‘blood vessel’ inclusion. During imaging,
B-mode sonograms were recorded at 10 frames/second. The probe was oriented so
that it captured cross-sectional images of the cylindrical inclusion; in each image, the
inclusion appeared roughly elliptical, with major and minor axes that varied in length
with probe compressive force.

The device’s six degrees of freedom were constrained only by the user’s hand,
introducing the possibility that tilting or movement of the ultrasound probe could
cause perspective distortion in the images. To assess this potential source of vari-
ability, videos of the exams were recorded and analyzed to evaluate motion in the
unconstrained DOFs. It was found that the probe face maintained no-slip contact
during the exams (which ensured constraint on the translational DOFs), while the
pitch, yaw, and roll DOFs exhibited less than +5° of movement which, within the
context of these results, is sufficiently small to assume that the probe imaged in a

fixed plane throughout the experiments.

A Matlab script was written to automatically segment the vessels and fit an ellipse
to the vessel boundary in each frame. The script utilizes a typical template-matching
approach, in which a filter is first constructed with a dark elliptical region representing
the vessel, surrounded by a bright region. The filter is moved around the ultrasound
image, and the best-fit centroid location is found. Then, the ellipse major and minor
axes are adjusted to determine the dimensions of the best-fit ellipse. Fig. 5-19 depicts
an illustration of the best-fit ellipses from each of the frames (overlaid upon the first

frame) for force control off and force control on.

In Fig. 5-19, the ellipses exhibit greater spread when the force control was turned
off, indicating that the vessel experienced more movement. This suggests that force

control enhances image stability. Fig. 5-20 shows the vertical position (depth) of the
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Force Control Off Force Control On

Figure 5-19: Illustration of vessel segmentation with Matlab for one run (run 3) with
force control off (left) and force control on (right) for all frames. Best fit ellipses from
each of the 193 frames are overlaid upon the first ultrasound image, which is also
shown in the bottom right corner.

Table 5.4: Mean value of the standard deviations & in centroid and height for the
three runs.

Standard Deviation (mm)

Force control scenario

O centroid 5-h,eight
Force Control off 0.30 0.42
Force Control on 0.19 0.11

ellipse centroids versus time for six runs: three runs with control off (dashed line) and
three runs with control on (solid line). The runs are offset from each other along the
Y-axis for clarity. Table 5.4 shows the mean standard deviation in centroid position
and inclusion height over six tests.

Qualitatively, the centroid position traces in Fig. 5-20 are smoother with force
control enabled, suggesting that force control stabilizes the inclusion position better
than an unassisted human operator. This is quantitatively supported by the lower
standard deviations on centroid position (0.19 mm vs. 0.30 mm) and vessel height
(0.11 mm vs. 0.42 mm) for force control on, as shown in Table 5.4. In Table 5.4,
‘height’ refers to the width of the vessel in the vertical direction, which was the ellipse

minor axis. The force-controlled ultrasound probe can therefore be used to stabilize
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Figure 5-20: Inclusion centroid depth vs time for moving phantom. Centroid depth
refers to the depth of the best-fit ellipse centroid for the vessel wall. Dashed line
denotes force-control (FC) off; solid line denotes force-control on. The traces are
vertically offset from each other for visual clarity; the mean value for all three traces
was approximately 1.6 mm.
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the acquired ultrasound images, in spite of patient motion.

5.7.4 User Studies to Evaluate Force Control

User studies were performed to evaluate the performance of the system in a realistic
scanning scenario. Similar studies were previously performed and reported with Pro-
totype 1 [42], and here we repeat the studies with Prototype 2. In these experiments,
the ability of the system to apply a stable force was compared to that of 15 untrained
human operators. Each of the fifteen operators held the system in his/her hand and
placed the probe in contact with a 18 cm x 13 ¢cm x 5 cm Blue Phantom (Blue Phan-
tom, Inc., Sarasota, FL). To mimic the motions of an actual ultrasound exam, the
operators first held the probe stationary for ten seconds, and then conducted a slow,
linear sweeping motion across the phantom for twenty seconds, for a total of thirty
seconds. The phantom was lubricated with ultrasound gel. The goal was to maintain
a constant vertical contact force of 3.0 N while not looking at the probe. The device
itself weighed 6.0 N, so in order to apply 3.0 N, the operators needed to pull upward
with 3.0 N of force. Each operator performed this procedure in each of the following

four scenarios (performed in the order listed):

1. “Blind”: With the actuator off and with no force gauge visible (except at the
very beginning of test), the operator tried to maintain 3 N from his/her muscle
memory. The operator was instructed to look at the ultrasound image on the

computer screen and not the device.

2. “Automatic Control”: The controller was turned on and the operator held the
system in his/her hand. The operator looked at the ultrasound image on the

computer screen while the actuator translated to maintain 3 N of contact force.

3. “Visual Control”: The controller was turned off and the actuator locked in
position. The operator held the system in his/her hand and attempted to
maintain 3 N of contact force by focusing on a force gauge displayed on the

computer screen.
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4. Blind scenario from 1) was repeated for comparison purposes.

The time history of force was recorded over the entire thirty seconds for each of
the 15 operators in each of the four scenarios. A typical example of one such force

vs. time plot is shown for Subject 6 in Fig. 5-21.

Force vs time, Operator #6

s Automatic Control
5.5} | == \/isual Control
s Bind 1

51| e Blind 2

Force (N)

150 ! | !
0 5 10 15 20 25 30

Time (sec)

Figure 5-21: Contact force versus time for Subject 6 in each of the four scenarios.
The operator held the probe stationary during the first ten seconds and conducted a
sweeping motion for the subsequent twenty seconds.

The two “blind” traces in Fig. 5-21 demonstrate that over time, the user’s percep-
tion of applied force degrades, and the contact force tends to drift. While performing
the moving scan between 10 - 30 seconds, the subject’s applied force showed more
fluctuation than in the stationary-scanning period. Both the visual and two blind
traces exhibit low-frequency drift (“wander”) and shorter-duration “jerks,” similar to

studies performed with the hand-held Micron microsurgical tool in [62]. The visual
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and blind cases exhibited more variation than the case with automatic force control
enabled. Fig. 5-22 depicts the average forces and standard deviations for each of the

15 subjects in each of the three distinct scenarios.

Mean contact force and standard deviation for 15 subjects
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Figure 5-22: Mean contact forces and standard deviations for all fifteen operators
in the three scanning scenarios, with 3.0 N target force. Dots represent mean forces
while the vertical bars extend +one standard deviation from the mean.

These same experiments were performed previously with Prototype 1 in 2011 [42],
and are reproduced in Fig. 5-23. From Figs. 5-22 and 5-23, we observe less variation
(smaller standard deviation) with automatic control than with visual control or blind
control. In addition, in both cases, the average forces are also closer to the target
forces with automatic control than with visual or blind control.

Histograms of the forces applied by all operators in the three scenarios (for Pro-
totype 2) are shown in Fig. 5-24. For clarity, results are plotted from only the second
blind trace.

Figs. 5-22 and 5-24 demonstrate greater fluctuation in force for the visual and blind

data than with force control enabled, with the greatest spread in forces occurring in
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Mean contact force for 12 subjects in three scenarios (MOVING PROBE)
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Figure 5-23: Mean contact forces and standard deviations for all fifteen operators in
the three scanning scenarios for Prototype 1, with 5.0 N target force, reproduced
from [42]. Icons represent mean forces while the vertical bars extend one standard
deviation from the mean.
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Figure 5-24: Histograms of the forces applied by all fifteen operators in the three
scenarios, with 3.0 N target force.
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Table 5.5: Measures of the mean contact force for all exams. “P1” denotes Prototype
1, while “P2” denotes Prototype 2. P1 data are reproduced from [42].
Automatic Control | Visual Control Blind

P1 P2 P1 P2 P1 P2
[Dimean] |00IN| 0.005N |015N |0098 N | 1.78 N | 0.762 N
Omean 025N | 0063N [051N [0.267N [0.63N|0.631 N

Parameter

the blind scenario. The blind data also show a bias towards higher forces, 