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Abstract—Ultrasound imaging is a widely used technique in
medicine. It is a non-invasive medical procedure that uses sound
waves to produce pictures of the inside of the human body.
Ultrasound helps to diagnose conditions of soft tissues and
detecting a wide range of medical diseases and pathologies.
This paper presents a 3D model and a Gazebo plugin of a
medical ultrasound sensor that performs ultrasound imaging of
an abdomen surface. The ultrasound device is represented as
an end-effector for a KUKA IIWA LBR manipulator model but
can also be used for other manipulator models. We introduce an
implementation of a complex abdomen 3D model that consists of
fat, muscle, and intestine tissue layers. Each tissue has its unique
parameters used by the Gazebo medical ultrasound plugin. The
developed ultrasound sensor was successfully tested in the Gazebo
simulator and was able to provide visualizing a structure of the
abdomen internals for further diagnostics.

Index Terms—medical robotics, Gazebo, ROS, medical ultra-
sound sensor, non-invasive surgery

I. INTRODUCTION

Over the last two decades, robot-assisted procedures have
become popular in many surgical scenarios [1], [2]. Medical
robotics is used in various aspects of medicine - from surgical
intervention and palpation to therapy and rehabilitation [3].
Medical robotic systems allow surgeons to perform various
procedures safer and quicker with clinically supported pre-
cision and accuracy [4]. At present, surgical robots have
been successfully applied in minimally invasive surgery such
as pelvic organ prolapse, defects and other basin basement

reconstruction operations [5]. For example, the versatile robots
for assistance tasks in the surgery field are the da Vinci
Surgical System [6] and KUKA LBR Med [7].

There is also another surgery method - a non-invasive
approach. This kind of surgery techniques is a conservative
treatment that does not require inclusion into the body or
removal of tissue [8], [9]. It is based on non-ionizing ra-
diation, so it does not have the same risks as X-rays or
other types of imaging systems that use ionizing radiation.
Palpation, visualizing abdominal tissues and organs, assessing
bone fragility, heat therapy, listening to the fetal heart beat,
and blood pressure measurements are non-invasive medical
procedures.

The most frequently used application of non-invasive tech-
niques is ultrasonography [10]. It is a diagnostic imaging
method applied in therapeutic tasks to produce an image of
internal body structures: muscles, blood vessels, etc. Ultra-
sound images are captured in real-time using special devices
called transducers. A transducer is placed directly on the skin.
A thin layer of gel is applied to the skin so that ultrasound
waves are transmitted through the gel into the body. Perhaps
the most well-known application of ultrasound is monitoring
a pregnancy. Ultrasound provides the ability to view an image
of a fetus as it develops inside the mother’s womb. While this
is an important use, there are many other applications of ultra-
sound in medicine. From diagnostic testing to treating cancer,
tumors, and other serious pathologies, ultrasound transducers
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play a key role in today’s healthcare [11].
Acquisition of optimal images is greatly dependent on

sonographer skill [12]. A sonographer must manipulate a
transducer through various angles and may need to apply
significant forces to obtain quality images and can make a
wrong diagnosis [13]. However, there are places where a
skilled sonographer may not be available. For example, in
small clinics and rural areas where patients have difficulties
in accessing medical services [14]. Several medical robotic
ultrasound imaging systems have been proposed [15]–[17].
However, to the best of our knowledge, medical robotic
ultrasound imaging system modeling and simulation are not
covered thoroughly in present researches.

This paper describes a software package for ultrasound
sensor modeling in the Gazebo simulator. The package allows
simulating ultrasound imaging process using a special Gazebo
plugin. For imitating medical conditions we developed an
abdomen 3D model formed by layers of tissues: fat, muscle,
and intestine. Each tissue has its unique parameters used by
the Gazebo medical ultrasound plugin. KUKA IIWA LBR
was selected as a manipulator model. The developed ultra-
sound sensor was successfully tested by simulating abdominal
ultrasound imaging and was able to provide visualizing the
abdomen internals.

II. ULTRASOUND SENSOR ARCHITECTURE

The developed software package is a complex ROS-based
package, which consists of several components that interact
with ROS/Gazebo ecosystem [18]. An architecture of the
ultrasound sensor is shown in Fig. 1. The package is divided
into four main parts:

• Gazebo plugin is responsible for parsing abdomen tissue
parameters, processing background logic and mathemat-
ics of ultrasound imaging, and producing ultrasound
images.

• Medical ultrasound transducer is a 3D model model
representing an experimental prototype of an ultrasound
device. The ultrasound device can easily be modified and
further attached to other manipulator models.

• Multi-layer abdomen model is a complex 3D model of
an abdominal wall. The abdominal wall is modeled as
a multi-layer medium including skin, fat, muscle, and
intestine, where each layer has its thickness, density,
propagation speed and texture.

• Manipulator control node includes point cloud process-
ing from a Kinect depth camera, poses generation, and
motion planning for moving the manipulator to a new
position.

A process flow of simulating the ultrasound sensor is shown
in Fig. 2.

At first, the ultrasound transducer should be attached to
an arbitrary robotic manipulator model. It could be done
by modifying a URDF file that describes all elements of
the manipulator robot model: links, joints, materials, inertial,
etc [19]. The modification requires only including a special

XML extension file to the URDF file and specifying the name
of the manipulator link where the device will be added.

The second step is creating a virtual simulation environ-
ment. The package yet contains a ready-to-use Gazebo medical
procedure simulation world file including a surgical table, the
Kinect camera, and the configured abdomen model. Model
and link structures are well-documented, and a user can easily
and quickly customize all model parameters and add new
configurations.

The extension ultrasound sensor plugin is responsible for
reading and processing abdomen tissue information. It expands
a World file by incorporating special model descriptions. The
package module allows setting a structure of tissues for further
parsing by the Gazebo system extended with our developed
plugin.

We used the manipulator control module proposed by
Shafikov et al. [20]. In order to comply the ultrasound imaging
procedure, module components were redesigned. The depth
map is acquired by subscribing ”/kinect depth map” and
filtered by a point cloud processing module using Point Cloud
Library (PCL) [21]. The poses generation and motion planning
modules use different abdomen examination patterns applied
in ultrasonography.

III. SIMULATION SETUP

A. Virtual environment

Simulation environment in the Gazebo (Fig. 3) contains
the modified KUKA IIWA LBR manipulator model [22].
KUKA IIWA LBR is placed on a cubic supporting base that
shifts the workspace in order to cover surgical table surface.
The Kinect camera model with a Robot Operating System
(ROS) depth camera plugin is mounted on a tripod to enable
palpated surface geometry data acquisition. A human abdomen
model is placed on the surgical table within the manipulator
workspace and the Kinect camera range. To model ultrasound
influence KUKA IIWA LBR is equipped with a transducer
device (Fig. 4).

B. Medical ultrasound imaging system

The typical medical ultrasonic imaging system consists of
an ultrasonic transducer and an imaging system. The imaging
system controls the ultrasonic transducer in order to transmit
and receive the ultrasound, and creates an ultrasound image
using a set of data from the transducer.

Gazebo simulator does not provide any internal functionali-
ties and API to simulate the realistic ultrasound beam emission
behavior in the simulation. The available ultrasound sonar
sensor can only compute an approximated distance to the
simulation object by colliding a cone with objects in the
world. The closest collision point is used to compute the range
returned by the sonar. The main issue that the real wave should
transmit itself through the tissue mediums. Ultrasound rays
implemented in Gazebo get only the range value to the first
link of the model and do not take into account the following
link layers.
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Fig. 1: Overview of ultrasound sensor package architecture. The system is composed of three components: ultrasound device,
multi-layer abdomen model, and manipulator control module. The robotic manipulator model block consists of KUKA LBR
IIWA but can be changed to another ROS-based manipulator model.

The developed ultrasound sensor plugin extension inter-
acts with Gazebo engine and ROS subsystems for configuring
and running the ultrasound imaging system. Once the virtual
environment including the human abdomen model and the
manipulator model equipped with the ultrasound device is
loaded in Gazebo, the following steps are performed:

1) Processing of the abdomen model properties: density
and propagation speed.

2) Processing of the transducer model properties: acoustic
sound wave speed.

3) Calculating the acoustic impedance between two tissue
mediums.

4) Calculating the intensity reflection coefficient.
5) Calculating the intensity transmission coefficient.
Acoustic impedance (Z) is a physical property of tissue. It

describes how much resistance an ultrasound beam encounters
as it passes through a tissue. Acoustic impedance is commonly
used in determining the transmission and reflection at the
boundary of two materials having different impedances.

Acoustic impedance depends on:
• density of a tissue (D, in kg/m3)
• speed of the sound wave in the tissue (C, in m/s)

where density and propagation speed are related by:

Z = D ∗ C (1)

When an ultrasound wave travels from one medium to
another with different impedance, part of the wave is reflected
from the medium boundary. The rest of the wave is trans-
mitted into the second medium. The process of reflection and
transmision of ultrasound is shown is Fig. 5.

Reflected intensity (Ir) shows how much sound energy is
reflected back. Can be calculated as:

Ir = (Z2 − Z1)
2 (2)

where Z1 and Z2 are acoustic impedances of two tissue
mediums making the boundary.

Incident intensity (Ii) shows how much sound energy
could be transmitted through the two media:

Ii = (Z1 + Z1)
2 (3)

Intensity reflection coefficient (R) is defined as the ratio
of the intensity of the reflected wave relative to the transmitted
wave. This statement can be written mathematically as:

R = I2r /I
2
i (4)

A reflection coefficient of 0 (corresponding to total transmis-
sion and no reflection) occurs when the acoustic impedances
of the two media are the same.

Intensity transmission coefficient (T) is defined as the
ratio of the intensity of the transmitted wave relative to the
reflected wave:

T = 1−R (5)

The ultrasound sensor plugin module extends the SDF for-
mat specification [23] used in World files for simulating virtual
environments by defining new XML tags. The corresponding
description of tissue medium in a World file is shown in
Listing 1. The detailed description of each tissue parameter
is given in Table I. M denotes mandatory parameters, O -
optional.

Listing 1: A description of the abdomen tissue model structure.
<link name="tissue_name">
<density>D</density>
<wave_speed>C</wave_speed>
<impedance>Z</impedance>
<reflection>R</reflection>
</link>
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TABLE I: Explanation of abdomen tissue parameters.
Parameter Type Description

D M Density of an abdomen tissue. Measured
in kg/m3.

C M Acoustic velocity in medium. Measured
in m/s.

Z O Acoustic impedance. Measured in
kg/(m2 ∗ s).

R O Intensity reflection coefficient. In range
[0.0...1.0].

The image formed by ultrasound data is made by tracking
reflections and mapping the intensity of the reflected sound
waves in a two-dimensional plane. The two-dimensional plane
is a grayscale image where colors are shades of gray. Each
pixel is stored as an 8-bit integer giving 256 possible different
shades of gray from black (0) to white (255). A relative
gray pixel value is assigned based on the intensity reflection
of the returning signal. The higher number of the returning
wave indicates the brighter area of the image. If the returned
echo is relative small, then a darker pixel value will be
assigned. Example of ultrasound imaging of the human heart
is presented in Fig. 6.

In our package, the ultrasound sensor’s imaging component
is implemented as follows:

• A piezoelectric element: An RGB camera mounted to the
transducer model is used to image each tissue. Transducer
lens parameters description is shown in Listing 2. Pa-
rameters could be mandatory (M) or optional (O), which
are described in details in Table II. energy density and
frequency parameters are not used in the current plugin
implementation.

• 3D Mesh model control: A special model links manager
module is written and incorporated into
ultrasound sensor plugin for configuring and controlling

Fig. 2: Ultrasound sensor simulation in Gazebo.

Fig. 3: A virtual environment in the Gazebo simulator.

the human abdomen model: tissues (links), textures,
parameters, etc. For example, to imitate wave emission
through each tissue, model links manager performs
showing the following and hiding the previous links.

• Ultrasound imaging: Once scanning tissues is done,
an image processing module is handling tissue images
received. It applies the intensity reflection coefficient to

Fig. 4: A 3D model of the medical transducer.

Fig. 5: Reflection and transmission waves movements between
two mediums.
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Fig. 6: An ultrasound image of the heart. White color encodes
high reflection intensity. Black pixels show that the incident
wave was transmitted fully through tissues. The image is
borrowed from sunshineanimalhospital.org.

images by normalizing the value in the range [0...255] and
generating a special image mask layout. This technique
allows assigning shades of gray pixel values based on the
intensity of the returning echo waves (Fig. 7). OpenCV
library [24] was used for image processing.

Listing 2: A description of the transducer model structure.
<transducer name="transducer_name">
<wave_speed>S</wave_speed>
<energy_density>E</energy_density>
<frequency>F</frequency>
</transducer>

TABLE II: Explanation of transducer device parameters.
Parameter Type Description

S M Ultrasound transducer velocities. Mea-
sured in m/s.

E O Ultrasound energy density. Measured in
W/cm3.

F O Frequency of wave affecting wave-
lengths. Measured in MHz.

C. Abdomen model

In order to emulate ultrasound in Gazebo, a complex multi-
layer abdomen 3D model was modeled. It consists of fat,
muscle, and intestine tissue layers 8. Each human tissue or
organ is implemented as a model link defining in a World file.
Blender [25]) was used as a third-party software solution for
modelling and texturing abdomen layers. An example of an
intestine 3D model in the simulation is presented in Fig. 9.

IV. CONCLUSIONS

This paper presented the software package for ultrasound
sensor modeling in the Gazebo simulator. The package al-
lows simulating ultrasound imaging process using the special
Gazebo plugin. The ultrasound transducer device is based

Fig. 7: An ultrasound image of the abdomen model in Gazebo.
White areas show the higher density (fat), black regions are
the lower density (muscle).

Fig. 8: A multi-layer abdomen model in the Gazebo simula-
tion. Each layer has its shape, physical parameters, and texture.

Fig. 9: A simplified intestine 3D model.

on KUKA IIWA LBR, but can easily be adapted for other
ROS-based manipulator models. The developed multi-layer
3D abdomen model including fat, muscle, and intestine. The
plugin utilizes data from tissues to compute the intensity
reflection coefficient and produce an ultrasound grayscale
view. The developed ultrasound sensor was successfully tested
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by simulating abdominal ultrasound imaging and was able to
provide visualizing the abdomen internals for further diagnos-
tics.

As a part of our future work, it is planned to improve the
ultrasound imaging system by using transducer energy density
and frequency parameters and extend the abdomen model by
remodeling existing links and adding new intermediate layers
such as connective tissues and peritoneum in ROS/Gazebo.
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