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Abstract—During the COVID-19 pandemic, the lives of
healthcare professionals are at significant threat because of
the enormous workload and cross-infection risk. Ultrasound
(US) imaging plays a vital role in the diagnosis and follow-
up of COVID-19 patients; however, it requires a close-physical
contact by the sonographer. In this context, this paper presents
a Telerobotic Ultrasound (TR-US) system for complete remote
control of the US probe, thereby preventing direct physical
contact between patients and sonographers. The system consists
of a 6-DOF robot arm at the remote site and a haptic device at
the doctor’s site. The control architecture precisely transmits
the intended position and orientation of the US probe to the
remote location for transversal and sagittal plane scanning. This
architecture, when integrated with an admittance controller-
based force modulation and feedback transmission, enables the
radiologists to obtain high-quality images for diagnosis. The
advantages and effectiveness of the system are demonstrated by
conducting in-vivo feasibility study at AIIMS, Delhi, for imaging
abdomen organs (liver, spleen, kidneys, bladders). The system
provides image quality equivalent to a manually-guided probe,
can identify various pathology and reports high acceptability
among volunteers and doctors from a questionnaire survey.

I. INTRODUCTION

The second wave of COrona VIrus Disease 2019 (COVID-
19) has wreaked havoc in India, with a catastrophic rise in
the numbers of new infections in April and May. As of June
4, 2021, the country has recorded over 28.6 million cases
and over 3,40,719 fatalities [1]. Healthcare facilities and staff
across the country are struggling to cope up with the surge in
cases due to the spread of infection among doctors, nurses
and paramedics [2]. The prevailing situation has impacted
regular health care services, especially those involving direct
physical contact with the patient.

The healthcare community has significant evidence that
Ultrasound (US) imaging plays a vital role in the diagnosis of
a wide variety of diseases including COVID-19. It provides
an essential framework for the management of these diseases
and developing effective treatment strategies [3]-[5]. How-
ever, several concerns need to be addressed for US imaging
during the COVID-19 pandemic. The US scanning procedure
requires close physical contact between the doctors and
patients, which puts them at risk of virus transmission.
Moreover, there have been infected cases reported even with
Personal Protective Equipments (PPEs) in some cases [6].
Therefore preventing infection among doctors due to the
close-contact ultrasound procedure has become an urgent
problem to be solved.
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Fig. 1: Schematic of the developed Telerobotic Ultrasound
system for abdominal imaging during COVID-19 pandemic

More robots on the front lines limit person-to-person con-
tact and hence lower the risk of infection among healthcare
workers [7]. Robots can also reduce the consumption of PPEs
and prevent community transmission. However, US imaging
is an operator-dependent modality and obtaining accurate
images depends on the skill of the sonographer. Thus, the
telerobotic solution seems to be a reasonable and promising
direction, which allows the expert sonographer or radiologist
to remotely manipulate a probe attached to the robotic system
and generate images in real-time. This will ensure the safety
of patients as well as doctors [8]. The people in rural areas
will also benefit from this technology by getting examined
by the expert doctors available in the urban areas.

The use of telerobotics in ultrasound applications has
gained a lot of researchers’ attention. Initially, the focus was
on developing custom-designed robots to meet the technical
requirements of ultrasound procedures [9], [10]. However,
these systems could not meet all patient safety requirements,
such as automated collision avoidance, force sensitivity, and
mechanical safety features. Later on, with the availability
of commercial robotic manipulators meeting the safety re-
quirements of physical human-robot interaction, the focus of
the research community shifted towards developing advanced
control algorithms to achieve smooth and robust teleoper-
ation [11]-[13]. During the COVID-19 pandemic, several
teleoperated systems have been proposed and tested for
ultrasound imaging. The study by [14] used the commercial
telerobotic ultrasound system named MGIUS-R3 with 5G
connectivity for the ultrasound imaging of heart and lungs of
COVID-19 patients, where the system successfully evaluated
lung lessions and precardial effusions in patients [14], [15].
However, the system has limited control capabilities and does
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Fig. 2: Telerobotic ultrasound (TR-US) system at AIIMS, Delhi, during the COVID-19 pandemic. The volunteer is undergoing
abdominal US while the doctor, sitting at a safe distance (>6 feet) from the patient, manipulates the haptic device’s stylus
to control the precise movements of the US probe attached to the robot’s end-effector.

not allow doctors to vary the force and sense its feedback.
MELODY is another commercial system, which comprises
a custom-designed robotic probe holder and requires an
assistant at patient site to handle the coarse translation and
pressure modulation, while expert sonographer controls the
orientation of probe. This system has been tested for several
ultrasound examinations in more than 300 patients [16]-[18].

The above-discussed solutions permit limited degrees-of-
freedom of the probe, require the presence of atleast one
healthcare worker in close vicinity of the patient and focused
on single organ scanning [19]. In this paper, we present
a Telerobotic Ultrasound (TR-US) system for imaging ab-
domen organs which provides comprehensive control and
perception of the US probe, equivalent to the manually oper-
ated procedure. The aforementioned works show significant
progress in the field; however, to the best of our knowledge,
a complete telerobotic system for scanning abdomen organs
has seldom been reported. TR-US of abdomen is challenging
due to the large number of organs, which require multiple
scans at complex poses of the probe with varying pressure
for accurate diagnosis. In our TR-US system, the controller
transmits the 6D pose of the US probe to a remote site while
ensuring smooth and vibration-free motion. The controller is
integrated with a variable force control to get good quality
images while ensuring the safety of patients. The doctor at
a distant site will also get the feedback of pressure being
applied on the patient’s body. In addition, the system does
not require the presence of auxiliary staff at the remote site
during the procedure, except for the initial application of a
coupling agent for a small duration.

To demonstrate the system’s feasibility, we conducted an
abdominal ultrasound test on human subjects at All India
Institute of Medical Sciences (AIIMS), Delhi, where we
compared the images obtained from our system with the hand
guidance of the probe. A comprehensive satisfaction survey
has also been conducted to get the feedback of system from
doctors and volunteers. This paper is organized as follows:
Section II describes the hardware architecture of TR-US

system. Section III describes the control architecture for this
system and its sub-components. Finally, the experiments and
results are presented in Section IV for the volunteer trials
at AIIMS. Conclusion and future works are discussed in
Section V.

II. TELEROBOTIC ULTRASOUND (TR-US) SYSTEM

The developed TR-US system, shown in Fig. [2] consists
of a URS5 collaborative robotic manipulator by Universal
Robots, Denmark, at the patient site with an inbuilt force
sensor. The US probe is attached to its end-effector using
the custom-designed gripper. The sonographer manipulates
the probe using the Geomagic haptic touch device by 3D
Systems, USA while observing the continuous feed of US
images on the Sonosite M-TURBO model screen.

A. Control Unit

The system uses two control units, one at the patient’s site
and one at the doctor’s site. The control unit at the doctor’s
site has a Central Processing Unit (CPU) with QuadCore
Intel i15-960 3.2 GHz processor, 8 GB of RAM, and is
running on Linux Ubuntu 16.04 OS. The control unit at the
patient site has a robot controller, battery and WiFi router,
as shown in Fig. [3a The Ultralife lead-acid battery has been
used to provide power backup to the robot so that it can
also carry its operation in a region where a power supply is
not available. The whole controller unit and robot have been
mounted on a mobile platform so that it becomes easy to
maneuver it to perform bedside examinations in an isolation
ward of COVID-19.

B. Human-Machine Interface (HMI)

HMI is provided at the doctor’s site, which allows the
doctor to communicate with the control unit at the patient’s
site, as shown in Fig. Bb] It will help a doctor to modulate
the force being exerted on the patient’s body using the slider
bar. The live streaming of the patient site is also provided
so that doctors can monitor the movements of the probe and
the patient’s response to the examination.
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Fig. 3: Hardware components of TR-US

C. US Probe Gripper

The novel gripper has been designed to hold a range of US
probes like linear and curvilinear, as shown in Fig The
attendant at the patient’s site can use this gripper to attach,
detach, and change the probe as needed.

D. Safety Systems

The system has multiple protection measures to ensure the
patient’s safety: (1) an emergency stop button is installed next
to the robotic arm (2) the controller has joint velocity limits
(3.2 rad/s) and force limit (0-20 N) settings; and (3) a switch
in the patient’s hand and the pedal near the doctor’s foot to
stop the robotic arm.

III. CONTROL ARCHITECTURE OF TR-US

When the ultrasound examination starts, the robot will
start moving in a vertically downward direction until the
probe touches the patient’s body and becomes stable at a
contact force of 2N. The teleoperation mode gets activated
using a grey button on the haptic device’s stylus. Abdominal
ultrasound requires scanning a large region of the body while
maintaining complex probe orientations, which are difficult
to achieve while the probe is in contact with the body. In such
cases, doctors can press the white button to pull the probe
away from the patient’s body at a predefined height, allowing
him to conveniently change the probe’s pose. The steps of
the TR-US control program have been given in Algorithm
1, which uses a Robot Operating system (ROS) and Socket-
based interface to communicate with haptic device and robot,
respectively. The controller has two components: Motion
mapping and Force control.

A. Motion mapping

The motion mapping strategy has been devised to tele-
operate the URS5 robotic arm using a haptic device. The
mapping of workspace must be formulated intuitively and
efficiently [20], so that doctors can quickly learn to control
the fine movements of the probe remotely using the haptic

Algorithm 1 Control algorithm for TR-US

Input: Haptic device’s stylus movement by the sonographer

Output: Movement of ultrasound probe at the patient site
Initialization
while not connected do
connected <— socket_open(ip-address, port_id)
end while
[p",0", f"]t—1 + ROBOTSTATE()
[pY,09];—1, [P?, 09]; + GEOMAGICSTATE()
[p", 0", f?]+ «+ MAPPING()
while white_button is not pressed do
force_mode(des_force=2)
if grey_button is pressed then
target < [p”,0"];
force_feedback(f7)
13: end if
14: MovVEToO(target)
15: end while
16: while white_button is pressed do
17: end_force_mode()
18: target < [p",0"];
19: MovVEToO(target)
20: end while
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device. Though joint space mapping is the most common
method, we chose task space-based mapping as our system is
subjected to force constraints in task space. It becomes quite
difficult to satisfy such constraints while planning in joint
space. On the other hand, task-space mapping can reliably
control both position and force. Moreover, it is intuitive
and can be easily adopted by the user. The flow chart of
implemented motion mapping controller is shown in Fig. 4
To map the devices in task space, first, the DH parameters
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Fig. 4: Flow chart of motion-mapping controller

of the Geomagic haptic touch device have been identified as
shown in Table [ while the URS robot’s parameters have
been taken from the manufacturer’s manual. Then, the pose
of both the devices have been calculated using the forward
kinematics relationship [21]. To map the (z,y, z) coordinates

TABLE I: DH parameters of Geomagic haptic device

Link (z) | 6; (Joint limits (deg.)) d; (m) a; (m) | ay (rad)
1 01(—56, +50) 0 0 —/2
2 62(0, 100) 0 0.1334 0
3 05 (47, 69) —0.1334 0 =)
7 04 (—141, 148) 0 0 /2
5 05(—87, +57) 0 0 /2
6 06(—150, +150) 0 0 s




of pose, velocity level mapping is applied to map the whole
workspace of the URS robot at the remote site, enabling the
doctor to scan the wide region of the human body. In this
mapping, first, the velocity of the geomagic stylus has been
computed using the following relationship.

o x9(t) -1 0 O0f [z9(t-1)
vl =2 Ity +10 -1 0 I(t—1)
dt ( Zg(t) 0 0 -1 Zg(tf 1) )

1
where, [z, y9, z9] = p? represents the position coordinates
of geomagic stylus, and ¢ is the time instant. The scaling
factor (o) helps in controlling the speed of the URS5 robot.
The time delay in teleoperation will be inversely proportional
to this scaling factor. Then, the robot position coordinates p”
are calculated using the following equation.

x"(t) x"(t—1)
pr= |y ()] = |y (E=1)| +v7xdt )
2" (t) 2Nt —1)

Due to the structural differences, the one-to-one mapping
at orientation level is not a feasible solution and it requires
appropriate scaling and offset factors, as given in the rela-
tionship below:

o () ag 0 0] [¢9(t) d¢
or=lort) =10 as 0| |090)| £ ]|0]| @3
V(1) 0 0 ay] [¥9(Q) Oy

where ¢, 0 and 1 represents the roll, pitch and yaw angles,
respectively. «, and J, represent the scaling and offset
factors, respectively, in their corresponding orientation ().
The mapping also requires filtering of haptic device signals
as it is difficult for humans to move the stylus smoothly with-
out any jitter. Usually, the low-frequency domain represents
the useful information of teleoperated device and the high-
frequency regions represent the noises. It has been concluded
in [22] that position tracking up to 2Hz is necessary for
teleoperation of the haptic device while frequencies above
that should be suppressed. To realize these requirements of
teleoperation, we have implemented a low-pass Butterworth
filter with a cutoff frequency of 2Hz at -3dB of pass band.

B. Force control

The force control of the robot is essential to handle
contact events in physical human-robot interaction (pHRI)
tasks. Robotic ultrasound is one such medical application
involving pHRI in an unstructured environment, where a pure
motion control strategy will not work. Further, the ultrasound
examination requires a varying magnitude of forces for an
accurate diagnosis. Thus, the robot should follow precise
force-controlled trajectories along the surface of the human
body. This is extremely necessary for remote ultrasound
systems where the safety of humans is an essential element
to consider.

The most commonly used force control approach is
impedance control [23], but the selection of impedance
parameters to ensure appropriate compliant behaviour in
contact, might result in inappropriate trajectory tracking [24].
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Fig. 5: Force control loop diagram

To solve this problem, we employed an admittance control
[25], which produces the desired motion through a predefined
relationship with measured force, as shown in Fig. [5] This
dynamic relationship is quantified by three parameters i.e.
desired Inertia (Myg), Damping (Bg), and Stiffness (Kgq),
as given in eq. (@).

MygAZ + BgAzx + KgAx = f(t) 4)

where Az = p” — p}; is the difference between actual and
desired position vector of robot, f(t) is the measured force
vector at probe contact point. In a practical sampling system,
the following equations can be employed to compute Ax:

Ax(t) = (Azx(t) — Ax(t —1))/Ts (5)

A& (t) = (Ad(t) — Ad(t - 1))/T, ©)

where T refers to the sampling period. Substituting the

above into eq. @), Ax(t) can be calculated online as
FO)T2 + BT Ax(t — 1)

+ Mi2Az(t — 1) — Az(t — 2))

M, + BT, + K T?
The position of the robot is then corrected using the error
Az which ensures the desired force at the contact point. In

addition, the force realized at robot’s end-effector is scaled-
down and fed back to the haptic device at the doctor’s site.

Ax(t) =

)

IV. RESULTS AND DISCUSSIONS

In this section, the performance of TR-US has been
analyzed to precisely control the fine movements of the probe
at the remote site and generate images of diagnostic quality.
While various ultrasound examinations can be conducted us-
ing this system, we assessed its feasibility using sophisticated
abdominal ultrasound, including diagnosis of several organs
like liver, kidneys, bladders and spleen. A feasibility study
involving 21 human volunteers was conducted at AIIMS
between March and May 2021. All volunteers were males
with a mean age of 37.09£9.69 years. The Ethics Committee
of AIIMS has approved this study (Ref. No. IEC-855). The
written informed consent was taken from the volunteers. The
system’s ability to acquire diagnosable images of abdominal
organs was evaluated and the results were compared to the
images obtained from the conventional hand-guidance of the
probe, referred to as Manual Ultrasound (M-US) in this
section. The volunteers and doctors were requested to fill the
questionnaire survey to assess the overall perceived efficacy
and acceptability of the proposed system.



A. Motion mapping analysis

To verify the effectiveness of the designed filter for
suppressing the vibrations in sonographer’s hand motion, the
velocity of the stylus in x- and y-direction with and without
filter is illustrated in Fig. [} The plots show that the noise
has been completely removed, which will enable the doctor
to control the probe motion with more precision. Later on,
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Fig. 6: Haptic device’s velocity with and without filtering

the accuracy of mapped motion is verified by comparing
the filtered velocity in x- and y-direction and orientations
(¢,60,1) of geomagic stylus to the robot’s end-effector as
shown in Fig. [7] The constant values used in eq. (I) and (3)
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Fig. 7: Motion mapping of haptic device and URS robot

to realize this mapping are o, = 2, a9 = g = —1,ay =
1,0 = 15,64 = 6y = 0. The plots show that the robot’s
end-effector is able to replicate the guided motion accurately.

B. Force tracking analysis

C. Ultrasound image assessment

All volunteers included in the study have been initially
scanned using the M-US system, according to standard
abdominal imaging protocol. Immediately after this exam-
ination, the same sonographer scanned each volunteer using
the TR-US system. Fig. 0] shows the images from both the
modalities for one of the volunteers. To compare the quality
of images, a senior radiologist has been asked to classify
all images as adequate (score=1) or inadequate (score=0) for
evaluation. To keep his judgment unbiased, he was blinded
to the imaging modality. The radiologist reported adequate
TR-US images in the case of liver (17/21), RK (13/21), LK
(14/21) and spleen (13/21), while significant reservations
were reported for GB (11/21) and UB (10/21). In order
to statistically evaluate the comparison to M-US images, a
paired sample t-test was carried out, as given in Table [II}
where a significance threshold of P < 0.05 was used.

Fig. 9: Comparison of images of Liver, Gall bladder (GB),
Spleen, Right Kidney (RK), Left Kidney (LK) and Urinary
Bladder (UB) acquired using TR-US and M-US

TABLE II: Statistical differences between TR-US and M-US

Mean + Standard deviation score

Organ TRUS NCUS P-value
Liver 0.81 £ 0.40 0.90 £ 0.30 0.1623

Gall Bladder 0.52 +0.51 1.00 £ 0.00 0.0004
Right Kidney 0.62 £ 0.50 0.76 £0.44 0.0828
Left Kidney 0.67 £ 0.48 0.86 £ 0.36 0.0423
Spleen 0.62 £ 0.50 0.76 £0.44 0.0828
Urinary Bladder | 0.48 £ 0.51 0.90 £ 0.30 0.0009
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Fig. 8: Force tracking during ultrasound examination when
force is (a) kept constant at 2N (b) varied between 0 — 15N

To ensure accurate force control, the parameters of admit-
tance controller described in section [[II=B] have been tuned
and their values have been taken as My = 1 Kg, B4y = 9500
N-s/m and K; = 500000 N/m. The desired contact force
is set as 2N by default; however, the doctor can vary this
magnitude of force using the slider given on the HMI. The
force values during the two examinations are shown in Fig.
[a) and [8b] which shows the system’s ability to converge to
the variable desired force and stay within safe limits (0-20N).

The diagnosis of the liver (P=0.1623), RK (P=0.0828),
LK (P=0.0423) and spleen (P=0.0828) performed quite well
and showed no significant difference. The kidneys and the
spleen often lie near the singular configurations of the robot,
making it difficult for sonographers to position the probe
appropriately. However, this situation has been avoided later
when the patient was asked to tilt slightly towards the
robot side. The evaluation of the GB (P=0.0004) and UB
(P=0.0009) reported a significant difference. This is due to
the need for finer probe orientations to focus on these organs,
which less-trained doctors are unable to do. In most of the
organs, the initial examinations by TR-US were reported
inadequate, but later studies report significant improvement
in the quality of images. This improvement can be attributed
to the learning curve required for the sonographer to get
accustomed to the system. In addition, four pathological
findings were also identified using TR-US, as shown in Fig.
[[0] which makes it a suitable alternative for ultrasound-
guided procedures like aspiration of ascites, biopsy, etc.



Fig. 10: Pathologies identified: A-hydronephrosis, B-ascites,
C-dilated intrahepatic biliary radicles, D-solid cystic mass

The mean time duration of TR-US abdominal examination
was 19.09 minutes (range 15-27 minutes) compared to 11.14
minutes (range 9-12 minutes) for M-US examinations. How-
ever, the duration of the examinations decreased significantly
(-14%) from the first 6 to the last 15 examinations.

D. Doctors’ and Volunteers’ assessment

The various assessments have been carried out to evaluate
the system’s acceptability and efficacy. First, the NASA Task
Load Index (NASA-TLX) based assessment is performed on
doctors after each examination. They were asked to answer
the standard NASA-TLX based questionnaire for the fol-
lowing parameters: Mental Demand (MD). Physical Demand
(PD), Performance (P), Effort (E) and Frustration (F) of the
system on a 20-point Likert Scale (i.e. very low=1, very
high=20). The results for NASA-TLX assessment are given
in Fig. [ITa] which shows gradual improvement in the scores
of parameters. In order to better visualize this improvement,
we have compared the mean score of parameters for the 1-
10 and 11-21 trials, as shown in Fig. m The somewhat
high score of MD and E parameter can be attributable
to sonographers’ lack of competence with the technology.
The significant improvement in PD (-46%) and P (+28%)
parameter is due to the interactive force modulation, which
does not cause M-US like physical strain on the muscles of
sonographers. Across all trials, the enthusiasm for using a
new technology resulted in a low degree of frustration.
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Fig. 11: NASA-TLX results. (a) Variation of parameters’
score over each trial (b) Comparison of mean value of
parameters’ score for 1-10 and 11-21 trials

Furthermore, in order to evaluate the overall acceptability
of the system, the doctors and volunteers were requested to
rate our self-designed task-specific questionnaire survey on
a standard 5-point Likert scale (Strongly disagree, Disagree,
Neutral, Agree, Strongly agree). The results for the survey
are shown in Fig. [[2] The doctors agreed that the system
is easy to operate and capable of acquiring good quality
images. Doctors experienced difficulties operating the robot
for the initial trials, but with more training, they became ha-
bituated to the probe motions. Overall, the doctors rated the

system between 5-8 (average=6.38) out of 10. The volunteers
showed acceptance towards the technology and felt a slight
difference between the M-US and TR-US procedures. The
majority of them felt less pressure on their body than M-US
and were comfortable during the procedure. They agreed to
trust the results of this technology, knowing that doctor is in
the loop and controlling the US probe. Overall, the system
was rated between 5-8 (average=6.2) by volunteers.

In order to test the reliability of our self-designed question-
naire, we evaluated the value of Cronbach’s Alpha (reliability
index), which is found to be 0.948 for doctors’ and 0.958
for volunteers’ questionnaire. The closer this index’s value
is to 1, the better the number of different items (questions)
tells us about the system’s characteristics under evaluation.

Doctors' Survey
= Strongly disagree = Disagree = Neutral = Agree = Strongly agree

| could use the system easily
I understand working of the system
| could learn to use system with more trials
| would prefer this system |
| feel the system is precise and safe |
| could handle errors with ease |
| was not concerned of patient's safety 1
| feel the HMI is useful |
| trust the results of the system i
-1n n 10 20
Volunteers' Survey

| was worried to undergo this procedure

| felt comfortable during the procedure

| felt no difference between two systems

| felt comfortable as doctor has control

I will trust the results of this technology

I understand how the procedure took place

| felt less pressure on my body comparatively
| would like to use this technology in future

| would recommend this technology to others

!
-10 l‘) 10 20
Fig. 12: Results of questionnaire survey based on 5-point
Likert scale. Diverging bar-chart is used to better visualize
the positive and negative feedback.

V. CONCLUSION

A Telerobotic Ultrasound (TR-US) system has been pro-
posed in this paper for remote US imaging of abdomen
organs to ensure the safety of doctors during the COVID-
19 pandemic. The system provides a precise platform for
comprehensive control and perception of all components of
the manual procedure. The 6D pose of the probe was teleop-
erated by the doctor while the varying force on the abdomen
organs was controlled through the admittance controller and
human-machine interface. A comprehensive feasibility study
has been performed at AIIMS, Delhi, which shows good
imaging quality and high acceptability among volunteers and
doctors. The system’s primary concern is the need for doctors
to undergo training to get comfortable with the movements of
teleoperated probe. Our future work will attempt to automate
the orientation and force adjustment of the US probe by
expanding the scope of breast ultrasound specific controller
proposed in [26], [27] to abdomen organs. The optimal
design of the probe gripper will also be investigated to
maximize the orientation area of the US probe. Finally,
we will conduct a large-scale evaluation of the system’s
performance in long-distance teleoperation.
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