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1. Introduction 
 
The objective of this research project is to develop technologies that support sonographer-
supervised robotic systems for breast ultrasound imaging with quantitative elastography. 
Elastography provides tissue metrics independent of B-mode image features to deliver 
improved lesion classification, but current techniques are hampered by sensitivity to variations 
in probe motion and pressure, resulting in significant operator dependence.  By delivering 
advanced, operator-independent elastography data, the proposed system will address the 
urgent need to improve the positive predictive value (PPV) of ultrasound to spare women 
unnecessary biopsies, anxiety, and cost while maintaining quality of care.  The main goals in the 
second year of the project have been to develop and experimentally verify the algorithms for 
robotically assisted breast ultrasound imaging in preparation for human studies in the third year 
of the period of performance.   
 
2. Keywords 
 
Ultrasound elastography, breast cancer, robotics, human-robot teaming 
 
3. Accomplishments 
 
3.1 What were the major goals of the project 
  
The overall goal of this research is to investigate technologies for improving the positive 
predictive value (PPV) of ultrasound screening.  The specific aims for this research include 
implementation of a robotic arm control system with haptic interface for breast ultrasound 
scanning and elastography (SA1) and perform experiments with robotically-assisted 
elastography in vivo (SA2).  Year 1 is focused on developing technologies to support human-
robot ultrasound scanning systems, while Year 2 and Year 3 will transition towards studies and 
refinement of the control system and haptic interface. 
 
3.2 What was accomplished under these goals 
 
The research tasks involving development of technologies for robotic ultrasound scanning 
hardware, software, and systems (RT1) were led by PI Thomas Howard of the Robotics and 
Artificial Intelligence Laboratory at the University of Rochester.  Tasks involving development of 
elasticity software and ultrasound imaging (RT2), imaging subjects pre-biopsy (RT3), and 
analysis of in vivo data (RT4) were led by PI Stephen McAleavey in the Department of 
Biomedical Engineering at the University of Rochester.  
 
Subtasks involving robotic ultrasound scanning hardware, software, and systems (RT1) include 
final arm and haptic interface selection, ultrasound transducer/robot end-effector design and 
machining (RT1-ST1, McAleavey/Howard), implementation and testing of arm/haptic interface 
control system (RT1-ST2, Howard), and validation of inverse kinematic model and force 
measurement, constant pressure/constant position mode validation, and human safety 
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verification (RT1-ST3, Howard).  The milestone for RT1 included the design goals achieved with 
quantification of arm mechanical properties (RT1-M1, McAleavey/Howard).  The statement of 
work was also recently updated to detail tasks for robotic software development concerning 
learning-based algorithms for guiding scan locations and mechanisms for bi-directional 
communication (RT1-ST4), which will involve improvements for how the robot will estimate the 
state of and plan interactions with scanned tissue.  As detailed in the 2017-2018 annual report, 
we developed a system for robotically assisted ultrasound scanning composed of a compliant 
robotic manipulator, a force/torque sensor, a wrist-mounted ultrasound transducer, a haptic 
interface device, and a ultrasound scanning device under RT1-ST1 and developed and 
experimentally quantified the performance of a hybrid force/velocity controller for robotically-
assisted strain elastography under subtasks RT1-ST2 and RT1-ST3, which satisfied milestone 
RT1-M1.  During this second year of the period of performance we continued to improve on the 
hardware, software, interface, and control algorithms in several ways that will be discussed in 
the context of the elastography software development (RT2) subtasks that were the focus of this 
year’s activities.   
 
Subtasks of RT2 include phantom design (RT2-ST1, McAleavey/Doyley), implementation of 
combined shear wave and strain elastography for viscoelastic, poroelastic, and non-linear 
modulus imaging (RT2-ST2, McAleavey/Doyley), phantom validation of elastography software 
using laboratory systems (RT2-ST3, McAleavey/Doyley), and phantom validation of 
elastography software using robotic arm system (RT2-ST4, Howard/McAleavey/Doyley).  The 
milestones for RT2 are in vitro validation of robotic arm elastography system (RT2-M1, 
Howard/McAleavey/Doyley) and publish a paper on implementation of robotically assisted 
elastography (RT2-M2, Howard/McAleavey/Doyley).  Activities described in the 2017-2018 
annual report describe efforts to satisfy RT2-ST1 and RT2-ST2.  During the second year of the 
project we developed many gelatin and cryogel phantoms and utilized the commercial 
ultrasound breast anatomical phantoms under RT2-ST1 and utilized the shear wave and strain 
elastography imaging sequences on the Verasonics 64 LE system under RT2-ST2 to assist with 
quantifying the performance of the robotically assisted breast ultrasound system.   
  
Under RT2-ST2 and ST3 we have developed elastography imaging sequences on the 
Verasonics 64 LE system and demonstrated the ability to image linear and non-linear shear 
modulus in phantoms. We have been able to show good correspondence between values 
obtained using ultrasound elastography and those achieved through unconfined mechanical 
compression, as illustrated in Figure 1.  
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Figure 1. (top left) Experimental setup for imaging strain and shear wave speed in phantom with 
Verasonics 64LE system. (top right) System for unconfined compression measurement of phantom 
mechanical properties for validation of ultrasound elastography results. (center) Illustration of the non-
linear strain imaging process developed. Progressive compression of the phantom is tracked using data 
from multiple plane-wave B-mode imaging sequences to produce maps of axial and lateral displacement. 
These maps allow registration of shear wave speed images (not shown) compensate for large-strain 
motion of the phantom. Linear shear modulus images are extracted from shear wave speed data, while 
non-linear modulus images (NLSWEI) image results from the dependence of shear wave speed on local 
strain.  (bottom) Comparison of linear strain and nonlinear shear modulus maps illustrating improved 
image quality with 2D strain tracking.  
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The slope of regression line fitting of the shear wave speed
squared against stress derived from strain data measurements
is an estimate of the nonlinear shear modulus.

We have also carried out a mechanical nonlinear shear
modulus measurement experiment to validate our ultrasound
based-measurement system. The performance of nonlinear
shear modulus estimation technique with our novel motion
registered 2D tracking scheme is compared to 1D deforma-
tion tracking method and global strain based method using
tissue-mimicking phantom experiments. Quantitative experi-
mental results obtained from homogeneous agar-gelatin and
hydrolyzed Polyvinyl Alcohol(PVA) phantoms using 2D de-
formation tracking demonstrate that nonlinear shear modulus
estimation is more robust and consistent, compared to that esti-
mated with 1D tracking. Single cylindrical inclusion phantoms
also demonstrate the improvement in contrast-to-noise ratio
of nonlinear shear modulus obtained when compared to 1D
tracking. In addition, we have also evaluated the mechanical
conditions that impact the measurements of nonlinear shear
modulus like positional variation of transducer with respect to
the bounded inclusion, impact of initial loading on material,
depth of the inclusion with respect to the applied stress. Fi-
nally, we have studied experiments on different heterogeneous
material combinations to access the contrast improvement in
nonlinear elasticity measurements compared to linear strain
imaging and linear shear modulus images.

II. ACOUSTOELASTICITY THEORETICAL BACKGROUND

Acoustoelasticity theory has been developed by Toupin[30],
Norris[31], Murnaghan[33], and adopted by several
others[32]-[35] to describe how the speed of an elastic
wave changes in a uni-axially stressed lossless solid. In
this approach the equation of motion of an elastic solid
are described in terms of the strain energy. For a quasi-
incompressible material, the strain energy e is

e = µI2 +
A

3
I3 +DI22 (1)

where is the zero-stress shear modulus, A and D are the third
and fourth order non-linear, and I2 and I3 are the second and
third invariants of the Lagrangian strain tensor:

E =

2

4
✏11 ✏12 ✏13
✏21 ✏22 ✏23
✏31 ✏32 ✏33

3

5 (2)

In terms of E the invariants are I2 = 1/2(tr(E)2 � tr(E2))
and I3=1/6(trE)3-1/2trEtrE2 + 1/3trE3. For a linearly
polarized plane shear wave of low amplitude propagating
parallel to the axis of compression in an isotropic,
homogeneous material, the fourth and higher order terms may
be neglected, and the wave equation[1] in terms of µ and A
expressed as
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where uD
x,z and uS

x,z are shear displacements induced by
radiation force and displacements due to static uniaxial
stress respectively. By applying Hookes law and assuming
the strain due to the shear wave is small compared to the
static compression, equation (6) implies a wave speed as
given by equation (1). The value of A could be estimated
from the slope of shear wave speed squared as a function of
uniaxial stress. However, while shear wave speed and strain
can be measured ultrasonically, stress cannot be determined
directly. Therefore, we instead estimate the stress at the ith
compression step from the cumulative sum of incremental
local strains times the shear modulus at each compression
step,

Pi
j=1 3µj�✏j . The apparent shear modulus at the ith

compression step is thus

µi = µ0 �

2

4
iX

j=1

3µj�✏j

3

5 Ai

12µ0
(4)

and Ai is the estimate of the third order shear modulus at the
ith compression step.

III. MATERIALS AND METHODS

  (a)

Fig. 1. Experimental setup showing acousto-elasticity experiment in gelatin-
cryogel inclusion phantom. L7-4 transducer with added compressor plate
showing direction of compression and wave propagation in phantom.

A. Data acquisition

1) Description of phantoms: Homogeneous phantoms of
200-bloom gelatin material and hydrolyzed Polyvinyl alcohol
were designed for our experimental purpose. The phantoms
were cubic in shape. Each phantom has a length of 6 cm,
width of 4 cm and is 7 cm in height. Simultaneously similar
homogeneous phantoms were made in cylindrical molds of 2
cm diameter and 3.5 cm height for mechanical testing. Four
cylindrical inclusion phantom types were constructed with in-
clusion of diameter 0.65 cm. The composition of the materials
used are briefly summarized in Table. II. Aqueous solution
of 200 bloom type A gelatin had 2% cornstarch to increase
scatterers. The soft and hard gelatin phantoms were prepared
with reverse concentrations and at same temperature condition.
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Mechanical Setup

(b)

Fig. 4. (a)Schematic illustrating the mechanical stress-strain experimental
setup and (b )the method of nonlinear shear modulus calculation from stress-
strain data .

based measurement system. Fig. 4 shows the experimental
setup of the mechanical stress-strain measurement system.
A load of 5N was used and the cylindrical homogeneous
phantoms were deformed till required strain limit to get the
stress-strain curve. The apparent second order shear modulus is
calculated from the tangential slope of the stress-strain curve at
strain levels in steps of 1% . With the knowledge of the stress
and apparent shear modulus at each strain level and the stress
free shear modulus, nonlinear shear modulus is calculated by
following equation(4).

E. Quantitative Metric
We assessed the linear and nonlinear elastograms

qualitatively by visually inspecting the images, and
quantitatively using signal to noise ratio (SNR), the contrast
ratio (CR) and elastographic contrast to-noise ratio (CNR)
metrics. We defined contrast ratio as follows:

CR =
µSt

µSo
(9)

where µSt and µSo represent the mean SWS in the stiffer and
softer region of the phantom respectively.

We defined CNR as follows:

CNR =
|µSt � µSo|p
(�2

St + �2
So)

(10)

where �St and �So represent the variance of shear modulus
in the stiffer and softer region of material, respectively.

Linear Modulus Map Nonlinear Modulus(1D) Nonlinear Modulus(2D)
5.3KPa Homogeneous Gelatin

Fig. 5. Results obtained for homogeneous gel phantoms. (a,d ) linear shear
modulus maps, (b,e) estimated nonlinear shear modulus maps by 1D tracking,
(c,f ) non-linear shear map by 2D tracking for two phantoms of stiffnes
5.3 kPa and 10 kPa. (g,i ) shows representative lateral displacement maps
and (h,j )bar plots of the mean nonlinear shear modulus obtained at 8
regions(rectangular sections cut out in linear modulus images) by 2D(marked
blue) and 1D(marked red) tracking.

IV. RESULTS

A. Homogeneous Phantoms.
Fig. 5 shows the linear and nonlinear shear modulus maps

obtained for homogeneous gelatin phantoms by both 1D de-
formation tracking and our 2D tracking scheme. Qualitatively,
nonlinear shear modulus maps estimated by 2D tracking were
generally less noisy and contained fewer artifacts than those
produced with 1D tracking [Fig. 5(c)and (f)].

Detailed observation from 8 rectangular sections(chosen
with center close to push beam focal region)in the modulus
map shows that nonlinear shear modulus by 2D tracking re-
mains constant throughout the lateral sections. For the method
of 1D tracking, the estimated nonlinear shear modulus deviates
towards the sides of the elastogram from the central value as
illustrated in Fig. 5(h) and (j). This is because 1D tracking
does not accurately track the tissue motion following large
lateral deformations at the two sides compared to the center
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Fig. 2. Flow diagram showing protocol of Ultrasound based nonlinear shear modulus measurement of tissues with successive iterative 2D deformation
registration.

Fig. 3. Schematic [18] illustrating the general principles of STL-SWEI. Gray
and black arrows: push and tracking beams, respectively.Black dots: lateral
locations where SWS is determined. Shear waves from a pair of push beams
at �P distance apart are tracked at a common location L1. The ratio of P to
arrival time difference quantifies local SWS estimates. The push pair along
with the common tracking line at �T distance apart is translated laterally to
get the entire FOV.

between push beams is kept constant at 3.5mm and �T
between push(left push beam) and track pair is 7.5mm. All
STL-SWEI sequences contained 30 pairs of push beams to
cover an FOV of 21 mm. The particle displacement (due to
the shear wave) versus time at every depth in the region of
interest was calculated using the 2D autocorrelation method
of Loupas et al[40]. A tracking pulse repetition frequency
of 7kHz was used. The shear wave arrival time difference
was estimated from cross-correlation of displacement vs
time profile associated with each push pulse. The distance

between the push beams divided by the difference in shear
wave arrival times gives the shear wave speed. The linear
shear modulus (µ) is calculated by using:

µ = ⇢ · V 2
S (8)

where ⇢ is medium density, and VS is the shear wave speed.
Table III provides the key push and tracking beam parameters
used in all studies. Because soft tissues can be assumed to be

TABLE II
PUSH TRACKING BEAM PARAMETERS USED DURING STL-SWEI.

Parameters Push Beam Track beam
Frequency(MHz) 5 5
Pulse Duration(µsec) 200 0.2
F-number 2.5 2.5
Transmit Voltage(V) 39.8 39.8
Focus(mm) 34 34

quasi-incompressible materials with Poisson’s ratio 0.5, the lo-
cal stiffness defined by Young’s modulus can be approximated
by E ⇡ 3µ. Then by using equation(1), a 2-D non-linear shear
modulus map is obtained by following the slope of the shear
wave speed squared as a function of strain at each compression
step for all the pixels.

D. Mechanical measurement system of nonlinear shear mod-
ulus

We have carried out a mechanical experiment to model the
nonlinear shear modulus and validate them with our ultrasound
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Local strain Map Nonlinear Shear Modulus Map
1D Tracking 2D Tracking 1D Tracking 2D Tracking

Fig. 11. Effect of lateral offset of inclusion on strain maps(a,band e,f ) and nonlinear shear modulus estimated by 1D(c,g) and 2D(a,b ) tracking. Two rows
represent inclusion at center and at 3.55mm right of center.

V. DISCUSSION

Our experiments demonstrate that non-linear shear modulus
possesses distinct advantages over linear shear modulus and
strain imaging in its ability to differentiate materials with
similar linear elasticity. 2D motion registration improves the
quantitative measurement of nonlinear shear modulus because
of its ability to perfectly capture tissue deformation at higher
strain. The mechanical results shown in Fig. 8 justifies that
at higher strain 2D registration of tissue motion is a better
quantitative measurement of nonlinear shear modulus. From
Fig. 8, it is seen that mechanical measurement of nonlinear
shear modulus at lower strain values is close to null while
ultrasound based measurement gives higher values for the
same. From mechanical measurements we get almost linear
stress strain curve till certain amount of strain. Thus, apparent
shear modulus is same as stress free shear modulus for lower
strain values, hence, from equation(4) nonlinear shear modulus
value obtained is near null at lower strain. In ultrasound
based system, we measure shear wave speeds locally and
with small increase in strain, we get small variation in shear
wave speed, which on squared gives, significant change in
shear modulus. We then indirectly compute the local stress
which is different from the global stress that we are measur-
ing mechanically. Further, the initial contact of compressor
plate may be high enough to deviate the initial nonlinear
shear modulus measurements. However, the behavior of the
nonlinear shear modulus curve obtained mechanically justifies
with that of ultrasound-based measurement and at higher
strain the deviation gets reduced. The technique of nonlinear
shear modulus measurement by 2D deformation registered
acoustoelaticity, is more stable compared to 1D registration

and global strain based methods. Mechanical conditions like
variation in probe position, impact of loading and distance of
the inclusion with respect to the applied stress does not affect
our measurements. This makes the technique more flexible to
measure complex tissue properties.

A common observation of our experimental studies is that
shear wave speed increases with higher strain, as are the
resulting apparent shear modulus, and thus the materials,
both gel and PVA, can be categorized as those with strain-
hardening effects. From the equation(4), as shear modulus
increases with strain, the values of A come out to be negative,
however while plotting the elastograms, we took the positive
values of A for our convenience. However, in some of the
nonlinear elastograms of inclusion phantoms, as shown in gel-
PVA in Fig. 10, there are negative measurements of nonlinear
modulus values. This gives us the notion that some portion of
the material undergoes strain-softening, that is shear modulus
decreases with strain. However, further validations and studies
are needed as to why in some portion of the inclusion phan-
toms, we are observing decrease in shear modulus with strain.
Another significant observation we have made is the time
dependent effect of shear modulus measurements with strain.
We are giving successive compression and measuring the shear
wave speed and strain at each compression step. However, we
are not precise exactly as to how much time allowance should
be kept between manual compression and shear wave speed
measurements. The pattern or behavior of shear modulus with
strain seemed to be affected by the time allowance of shear
wave speed measurements after compression, specially in PVA
phantoms, which could be due to its viscoelastic nonlinearity.

The study presented here is a first step toward quantification
of nonlinear shear modulus with accurate registration of local
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Under RT2-ST3, we have demonstrated that the 2D motion tracking techniques we have 
developed for this project yield improved non-linear shear wave speed images compared to 
uniaxial tracking methods disclosed previously. With respect to RT2-M1, we have submitted for 
publication a paper on combined strain and shear wave speed imaging. 
 
Another major focus of our work during the second year of the period of performance involved 
phantom validation of integrated strain and shear-wave elastography using robotic arm 
positioning under RT2-ST3.  Part of this work resulted in the satisfaction of milestone RT2-M2 
by publishing a paper titled “Hybrid Force/Velocity Control with Compliance Estimation via Strain 
Elastography for Robot Assisted Ultrasound Screening” that was accepted to and presented at 
7th IEEE International Conference on Biomedical Robotics and Biomechatronics (BioRob) in 
August 2018 by ECE PhD Student Michael Napoli.  This research built upon work in support of 
Christian Freitas’s MS Thesis in Electrical Engineering, which he defended in April 2018.  The 
BioRob 2018 paper studies the performance of the hybrid force/velocity controller on a 25 kPa 
tissue phantom starting with initial elasticity estimates in the range of 15 kPa to 85 kPa.  The 
experiments studied the transient response to a force step input along the main axis of the 
transducer with and without elastography-based feedback (Figure 2).  Experimental results 
demonstrate the utility of using the elastography-based feedback for improving the model inside 
of the hybrid force/velocity controller for improving the transient response of the feedback 
controller.   
 

 
Figure 2. (left) Hybrid force/velocity control algorithm for controlling the position and pressure of the 
ultrasound transducer with a tissue phantom. (center) The experimental setup of the hybrid force/velocity 
control experiments.  (right) Quantitative results showing improved transient response performance using 
elastography feedback inside of the control loop. 
 
A second outcome from these experiments showed how we can improve the convergence 
properties for the elastography optimization routine by modifying the regularization to penalize 
solutions that significantly deviate from the previous step.   Figure 3 illustrates the convergence 
behavior of the original and updated optimization routines for from different initial conditions. 
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Fig. 2: A system level block diagram showing the implemented datapath.

Note that due to the use of the rotation matrix R from
the base frame of the robot to the orientation of the end-
effector, these represent the the subspaces relative to the
current orientation of the end-effector rather than the base
frame.

Sv =

⎡

⎢⎢⎢⎢⎢⎢⎣

1 0 0 0 0
0 1 0 0 0
0 0 0 0 0
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1

⎤

⎥⎥⎥⎥⎥⎥⎦
, Sf =

⎡

⎢⎢⎢⎢⎢⎢⎣

0
0
1
0
0
0

⎤

⎥⎥⎥⎥⎥⎥⎦
(4)

These selection matrices represent a controller respon-
sible for controlling the z axis force, while controlling
the remaining end-effector twist dimensions. For the twist
subspace the following PI control law was used (Equation
5). Note the use of the previously mentioned rotation matrix
R. v̂e is the estimated end-effector velocity in the base
frame, and the terms GPv and GDf are the controller gains.

λv = GPv S
†
v

(
vd −R−1v̂e

)
+GIv S

†
v

∫ t

0

(
vd −R−1v̂e

)
dt

(5)
For the single degree of force control a PD control law

was used. However due to the noise from the force/torque
sensor used, a substitute for the derivative of the z axis
force was used which can be seen in Equation 6.

λf = GPfS
†
f (fd − fe) +GDfK

′S†
fR

−1v̂e (6)

Similar to the previous control law the G terms denote
the controller gains. The compliance matrix C is as defined
for isometric materials in Section III-B Equation 14. C’ is
the compliance matrix restricted by the natural constraints
shown in Equation 7 and K’ is the contstrained inverse of

the compliance matrix, shown in 8

C ′ = C
(
I6 − SvS

†
v

)
(7)

K ′ = Sf (S
T
f CSf )

−1ST
f (8)

With both of the control laws and an estimate of the cur-
rent end-effector velocity Equation 9 shows the necessary
velocity command vc to realize both state objectives.

vc = ve +Rα, α = Svαv + C ′Sfαf (9)

For the purpose of reducing uncertainty from the state
measurements two Kalman observers were implemented.
For both observers δ and σ are zero mean Gaussian dis-
tributions with covariances R and Q respectively. The first
was an estimator of the end-effector twist with respect to
the manipulator base frame.

vet = vet−1 + pRtαet + δt,v (10)

zvet = vet + σt,v (11)

This makes the assumption that the environment is static,
however an additional parameter can be added to account
for movement from the environment in a case where this
assumption must be relaxed. For Equation 10 the covariance
of δt,v is R = 0.01∗I6 and p is the time step of the controller
and for Equation 11 the covariance of σt,v is Q = 0.5∗ I6
assuming that both the joint transition and measurement
covariances are independent. The second estimator was of
the following form (Equation 12) zfe here represents the
force torque measurements. The principle here is that the
product of the contact stiffness and the end-effector velocity
provides a good estimate of the change in force. For this
reason it was used as the derivative action in the PD

1268
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Figure 3. (top row, left to right) Tikhonov Regularization assuming alpha from 10-11 (top left) to 10-14 (top 
right).  (bottom row, left to right) Modified Tikhonov Regularization assuming alpha from 10-11 (bottom left) 
to 10-14 (bottom right).  The Modified Tikhonov Regularization algorithm demonstrated better converge 
properties over a wide range of initial stiffness estimates.  
 
One observation of the elastography-in-the-loop control experiments from the BioRob 2018 
paper was that the optimally tuned controller parameters varied over different phantom stiffness 
values.   To further improve the controller performance, we studied tuned controller parameters 
over a wide range of phantom stiffnesses to develop a stiffness-dependent controller gain 
scheduler.  Figure 4 illustrates how we calculated the rise time and overshoot of the transient 
response while Figure 5 shows the mean overshoot and mean rise time of the hybrid 
force/velocity controller under constant and adaptive gain parameters.  On average, the 
stiffness-based gain scheduler achieved near the desired step response for all phantoms in the 
study.   
 

  
Figure 4. (left) Illustration of the rise time and overshoot calculations on the transient response of the 
controller when subject to a step input of force.  (right) A chart illustrating the tuned proportional gains as 
a function of the tissue stiffness.   
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Figure 5. (left) The mean overshoot as a function of controller gain parameters.  (right) The mean rise 
time as a function of the controller gain parameters.    
 
During this year’s period of performance, we also made progress with integration of shear-wave 
elastography in the robotically assisted ultrasound scanning system.   We developed a new 
mount for the transducer used in the shear wave experiments using the hybrid force/velocity 
controller and studied the signal-to-noise (SNR) of control with various stiffness assumptions 
against a baseline of a static transducer held by a fixed transducer mount.  As expected, Figure 
7 shows that the SNR of the fixed mount outperformed the SNR obtained by the hybrid 
force/velocity controller but provided an estimate of relative performance.   
 

   
Figure 6. (left and middle) Images showing a new transducer mount for shear wave elastography 
experiments.  (right) Fixed transducer mount for comparative baseline of shear wave elastography 
experiments.   
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Figure 7. (left) Mean estimated elasticity of a phantom observed using shear wave elastography as a 
function of actual phantom stiffness, (middle) Illustration of window used for SNR calculation of shear 
wave elastography, (right) SNR as a function of actual phantom stiffness.  
 
Lastly, we have begun to formulate a variation of the quasi-static strain elastography algorithm 
that incorporates observations provided by multiple measurements and provide a more accurate 
model of uncertainty in the estimated elastogram.  This procedure, which is grounded in the 
mathematics of simultaneous localization and mapping, aims to estimate and compensate for 
transducer displacements when making observations.  Research into these approaches are 
ongoing and will provide an important foundation for research in learning-based approaches to 
guiding scan locations in RT1-ST4 during the third year of the period of performance.   
 
The research tasks involving SA2 include imaging of subject’s pre-biopsy (RT3) and analysis of 
in vivo data (RT4).  Subtasks of RT3 include submitting documents for IRB review (RT3-ST1, 
McAleavey), train sonographers and students in scanning procedure (RT3-ST2, 
McAleavey/Howard/O’Connell), recruiting 72 patients for imaging (RT3-ST3, 
McAleavey/O’Connell), and scanning patients (RT3-ST4, McAleavey/O’Connell).  Milestones of 
RT3 include IRB approval received (RT3-M1, McAleavey) and 72 patients scanned (RT3-M2, 
McAleavey).  Subtasks of RT4 include collecting histology data (RT4-ST1, 
McAleavey/O’Connell) and statistical analysis of poroelastic, viscoelastic, and non-linear 
parameters vs histology and BiRADS category (RT4-ST2, McAleavey).  The only milestone of 
RT4 is to publish the results of in vivo measurements and statistical analysis (RT4-M1, 
McAleavey/Doyley/Howard/O’Connell).   
 
With respect to RT3, we have accomplished ST1 and M1: receiving approval (and renewal) of 
IRB approval for this study.  Training of sonographers in the use of the robotic system will begin 
in the next project period in consultation with co-investigator Dr. O’Connell.  
 
3.3 What opportunities for training and professional development has the project 
provided? 
 
This project has been a part of professional development for two graduate students in PI 
Howard’s Robotics and Artificial Intelligence Laboratory.  The research on hybrid force/velocity 
control for acquiring ultrasound scans under constant force and position setpoints supported the 
work of Christian Freitas as described in the 2017-2018 annual report in preparation of his 
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master’s thesis in Electrical Engineering that he defended in April 2018.  The work on stiffness 
estimation from strain elastography for adaptive hybrid force/velocity control is one of the 
principal research topics of Michael Napoli’s doctoral research. Both of these individuals have 
published peer-reviewed research on the topic supported by this grant.     
 
This project has supported one undergraduate and one graduate student in PI McAleavey’s 
ultrasound imaging laboratory. Undergraduate Katelyn Offerdahl worked to quantify the 
performance of shear wave elasticity imaging methods during periods of transducer motion. Her 
work led to a conference publication. The work on co-registered shear strain and shear wave 
speed imaging is the thesis topic of graduate student Soumya Goswami, supported by this 
grant.    
 
3.4 How were the results disseminated to communities of interest? 
 
Results were disseminated to communities of interest through publication of refereed 
conference papers and research presentations at academic conferences as outlined in Section 
6.1.   
 
3.5 What do you plan to do during the next reporting period to accomplish these goals? 
 
During the next reporting period (2/2019-1/2020) we plan to prepare and begin in vivo 
experiments of our platform for research in robotically-assisted medical ultrasound. This will 
include working with Dr. O’Connell to train sonographers and develop a suitable scanning 
procedure.  We will also continue technology development as described in the new engineering 
research activities described in RT1-ST4.   
 
4. Impact 
 
4.1 What was the impact on the development of the principal discipline(s) of the project? 
 
Nothing to report for this period beyond the publications and presentations listed below.  
 
4.2 What was the impact on other disciplines? 
 
Nothing to report for this period.  
 
4.3 What was the impact on technology transfer? 
 
There was no technology transfer that occurred under this project during the 2018-2019 period 
of performance.  
 
4.4 What was the impact on society beyond science and technology? 
 
Nothing to report for this period.  
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5. Challenges / Problems 
 
5.1 Changes in approach and reasons for change 
 
On the robotic technology development research tasks, we expanded our efforts to simulate the 
response of the robot controller in response to risks imposed by the manufacturer of the robotic 
manipulator used in this project closing in Fall 2018.  We also still continue to use human 
positioning as the principal mode of placing the transducer in contact with phantoms based on 
the ease of this mode of interaction however, we still intend to continue integrating the haptic 
interface control software that we developed and reported on during this year’s period of 
performance as a second mode of robotically assisted breast ultrasound scanning system 
control.   
 
5.2 Actual or anticipated problems or delays and actions or plans to resolve them 
 
There are no problems or significant delays to report.  With respect to sonographer training for 
use of the robotic system, we are slightly delayed with respect to the approved statement of 
work. We anticipate starting this training in the next project period.   
 
5.3 Changes that had a significant impact on expenditures 
 
We have spent less than anticipated on graduate student support in part because of delays in 
graduate student recruiting due to fixed admissions schedules and graduate students supported 
by multiple research projects.   
 
5.4 Significant changes in use or care of human subjects, vertebrate animals, biohazards, 
and/or select agents 
 
There were no significant changes in use or care of human subjects, vertebrate animals, 
biohazards, and/or select agents. 
 
6. Products 
 
6.1 Publications, conference papers, and presentations 
 
Papers, articles, and theses on the adaptive stiffness estimation for control of the robotically-
assisted ultrasound platform are in preparation for submission to academic conferences at this 
time.  Papers published, theses defended, and presentations given during this year’s period of 
performance are listed below. 
 
Publications: 

1) M. Napoli, C. Freitas, S. Goswami, S. McAleavey, M. Doyley, and T.M. Howard, “Hybrid 
Force/Velocity Control with Compliance Estimation via Strain Elastography for Robot 
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Assisted Ultrasound Screening,” In 7th IEEE International Conference on Biomedical 
Robotics and Biomechatronics.  IEEE, Aug. 2018. 

2) S Goswami, R Ahmed, M Doyley, S McAleavey, “Nonlinear Shear Modulus Estimation 
with Bi-axial Motion Registered Local Strain”, IEEE Transactions on Ultrasonics, 
Ferroelectrics, and Frequency Control (submitted) 
 

Theses: 
1) C.Freitas, “Hybrid force/velocity control for semi-autonomous ultrasound scanning,” 

Master’s thesis, University of Rochester, Apr. 2018. 
 

Presentations: 
1) M. Napoli, C. Freitas, S. Goswami, S. McAleavey, M. Doyley, and T.M. Howard, “Hybrid 

Force Velocity Control with Compliance Estimation via Strain Elastography for Robot 
Assisted Ultrasound Scanning”, presented at the Inaugural RCBU Biomedical 
Ultrasound Symposium Day, Rochester, NY, USA.  Nov. 2018. 

2) S. Goswami, R. Ahmed, M. Doyley, S. McAleavey, “Nonlinear Shear Modulus Estimation 
with Biaxial Motion Registered Local Strain Distribution”, presented at the Inaugural 
RCBU Biomedical Ultrasound Symposium Day, Rochester, NY, USA.  Nov. 2018. 

 
6.2 Website(s) or other Internet site(s) 
 
There are no websites or internet sites to report. 
 
6.3 Technologies or techniques 
 
There are no technologies or techniques to report. 
 
6.4 Inventions, patent applications, and/or licenses 
  
There are no inventions, patent applications, and/or licenses to report. 
 
6.5 Other products 
 
There are no other products to report. 
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7 Participants & other collaborating organizations 
 
7.1 What individuals have worked on the project?   
 

Name: Stephen McAleavey 

Project Role: PI 

Researcher Identifier: eRA Commons User ID: smcaleavey 

Nearest month worked 2 

Contribution to Project: Human subjects protocol development and approval, 
ultrasound shearwave elastography systems development 

Other Funding Support: NIH, NYSTAR 

 

Name: Thomas Howard  

Project Role: PI 

Researcher Identifier: IEEE PIN: 107736 

Nearest month worked 2 

Contribution to Project: Design and development of software robotically assisted breast 
ultrasound scanning system, design and development of hybrid 
force/velocity control, simulation and haptic interface software,  

Other Funding Support: NSF, ARL 

 

Name: Marvin Doyley 

Project Role: Co-PI 

Researcher Identifier: eRA Commons User ID: mmdoyley 

Nearest month worked 1 

Contribution to Project: Strain elastography system development lead 

Other Funding Support: NIH 

 

Name: Michael Napoli 

Project Role: Graduate student 

Researcher Identifier: IEEE PIN: 198132 
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Nearest month worked 6 

Contribution to Project: Development of controllers and estimators for robotically assisted 
breast ultrasound scanning system, experiments on hybrid 
force/velocity controller software capabilities for strain elastography, 
integration of the elastography software stack with arm control 
software, interfaces, and sensors. 

Other Funding Support: NSF 

 
 

Name: Soumya Goswami 

Project Role: Graduate student 

Researcher Identifier: -- 

Nearest month worked 8 

Contribution to Project: Shear wave and strain elastography sequence development, 
Phantom validation studies 

Other Funding Support: University of Rochester Department of Electrical Engineering 

 

Name: Katelyn Offerdahl 

Project Role: Undergraduate student 

Researcher Identifier: -- 

Nearest month worked 1 

Contribution to Project: Quantification of ultrasound beam sequence parameters on 
signal-to-noise and contrast-to-noise ratios of shear wave 
elastograms. Quantification of elastogram noise due to probe 
or tissue motion. Development of test fixtures 

Other Funding Support:  

 
 
7.2 Has there been a change in the active other support of the PD/PI(s) or senior/key 
personnel since the last reporting period? 
  
PI Howard has continued his yearly subtasks under the Army Research Laboratory Robotics 
Collaborative Technology Alliance subtask with a period of performance that continues through 
Fall 2019.   
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7.3 What other organizations were involved as partners? 
 
There are no other organizations involved as partners in this research. 
 
8 Special reporting requirements 
 
There are no special reporting requirements.  This report reflects the work of PI McAleavey 
under Award Number W81XWH-17-1-0021 and PI Howard under Award Number W81XWH-17-
1-0022.  Leadership and organization of research tasks have been marked with the responsible 
PI and site of the research activities. 


