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Toward Development of Novel
Remote Ultrasound Robotic
System Using Soft Robotics
Technology

This paper reports on the development of a novel soft robotic system for remote ultrasound
applications. Direct contact of the ultrasound probe with the patient’s body represents a
safety risk and therefore control of the probe’ s positioning and applied force is a crucial task.
The proposed robot uses a passive control system that provides safe interaction between the
robot and the patient by leveraging soft robotics technology. The soft robot’s structure can
be considered as a nonlinear spring which can be designed to exert a safe force within the
robot’s workspace to guarantee the safety of human—robot interaction. The literature
suggests that effective ultrasound imaging of both the heart and abdomen requires six
degrees-of-freedom. These degrees-of-freedom consist of three translational motions, which
are achieved using a novel hybrid soft cable-driven parallel robot, and three wrist motions,
which is based on a universal joint design. The experimental results show that the robot can
achieve all these six degrees-of-freedom, and its blocking force can be engineered to
generate a uniform force within the workspace. [DOI: 10.1115/1.4063469]

1 Introduction

Ultrasound imaging is one of the least invasive and most cost-
effective imagining modalities, which is widely used in diagnostic
applications. However, this modality is notoriously difficult to
interpret due to a relatively small field of view and contrast features.
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Therefore, specialists are typically required to both control and
interpret the acquired images. This requirement has led to the
development of robotic systems as an alternative to human control,
particularly in remote applications (e.g., natural disasters and low-
income settings) that require portable systems.

Application of soft robotics technology for biomedical applica-
tions encourages safe human interactions which are less invasive,
and cost-effective [1-4]. This paper aims to develop a remote
ultrasound robotic system. Application of soft material provides
easy access for ultrasound imaging procedures at odd angles, less
human intervention, and human error. Portable ultrasound systems
are capable of imaging procedures during natural disasters and low-
income families. Ren et al. developed a portable and wearable soft
robotic system that achieves movements in three different directions
to successfully proceed through ultrasound imaging automatically.
The soft robot replaces mechanical robots with its mechanical
movement, allowing the soft robot to move with 3 degrees-of-
freedom by pressurized air actuated by the soft robot [5]. The system
encourages the replacement of manual workloads, which then leads
to the minimization of demanding clinical tasks.

Soft material provides safe interaction between robot and human
biomedical applications [6,7]. Lindenroth et al. advanced in a
parallel soft robot that uses soft fluidic actuators to establish safe
adaptable interaction between ultrasound probe and patient with
force levels that are required to process good quality ultrasound
images and demonstrate controllability and imaging capabilities on
the patient. The soft robot provides a stable and consistent contact
between the probe and patient, which improves the strain injury
sonographers experience [8]. Rigid robotic systems rely on active
force control methods for safe human robot interaction and
biomedical environment [9]; however, soft robotic systems take
advantage of passive force control mechanisms.

In the biomedical engineering field, Yang et al. experienced more
exploration in nanomaterials and nanosoft robots in applications that
include basic invasive surgery in the human body beneath skin and
surgery to physical rehabilitation [10]. Due to compliance and soft
material properties of the material, soft robots are adequate for the
accurate and meticulous requirements produced by biomedical field
applications. A soft robotic cable-driven manipulator that utilizes
magnetic resonance imaging (MRI) to image soft tissue contrast to
detect brain tumors and abnormalities. Kim et al. advanced in a soft
robot is used to remove brain tumors, which reduces hand tremor and
increases accuracy, in the future improves neurosurgery [11].

The body of the soft robot consists of springs for continuous
actuation and flexibility. A seven degree-of-freedom cable-driven
arm with a shoulder, elbow, and a wrist; it allows for high flexibility.
Cui et al. developed the exoskeleton (CAREX-7), which is used for
dexterous motion such as assistance, training, or rehabilitation of a
whole-arm [12,13]. Cable-driven robots transmit motion and forces
by the cables, to allow the actuators to be attached away from the
links [14], the CAREX-7 uses the lightweight cables to actuate the
cuffs that are attached to the human limbs, granting low weight,
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inertia, and cost. Usually, 6 degrees-of-freedom are implemented,
but the more degrees-of-freedom a robot has the more points of
weakness; once a link fails the entire robot begins to malfunction.

The paper is organized as follows. In Sec. 2, the design and
fabrication process of the remote ultrasound system will be
discussed. Section 3 contains controls and modeling used to actuate
the system as accurately as well as model the system correctly to
estimate system configurations. Section 4 provides the experimental
data and results of the robot. Finally, Sec. 5 is the conclusion.

2 Design

This section discusses the design and fabrication of the remote
ultrasound soft robot and demonstrates the experimental results. In
the first part, the concept of hybrid soft cable-driven parallel robots
will be discussed. Next, the designed objective for the soft ultrasound
robot will be detailed, and finally, the design and fabrication of the soft
robot prototype will be presented. In our previous research works
[15-19] we have detailed the design, and fabrication of two, three, and
six degrees-of-freedom (DOFs) soft robots.

According to Fig. 1, soft parallel robots can be designed by
replacing the rigid links and joints in the structure of rigid parallel
robots with soft links and joints [18]. The addition of soft links to the
structure of soft parallel robots will provide an extra design feature
to adjust the overall stiffness of the robot. Thus, by engineering the
stiffness of the robot we can guarantee safe human robot interaction.
In the design of soft parallel robots typically soft active links transfer
the desired motion to the robot end-eftector.

Considering the nonlinear complex deformation of soft links,
modeling and control of soft parallel robots can be challenging.
Alternatively, we can directly transfer the motion to the end-effector
using cable-driven actuators combined with passive soft links
(Figs. 1(c) and 1(d)). This new design, which combines cable-driven
robots and soft robots has the potential to simplify the modeling and
control of the soft robots (Fig. 1(d)).

2.1 Designed Objective for the Soft Ultrasound Robot. The
soft robot must have 6DOF (three translations and three rotations),
its workspace must cover an area of interest above the abdomen of
the patient, and overall stiffness of the soft robot must be designed
such that it can apply the required forces for proper imaging and be
within the safe range for the patient. Figure 2 illustrates the basic
design strategy for the soft ultrasound robot. The structure of the
soft robot can be considered as a nonlinear spring where the
reaction force of the soft robot (F) is the function of robot
displacement (g(Ax)).

The complete design process will require several iterations to
optimize the shape and number of the soft links for a given set of
workspace and force constraints according to Fig. 2(b). In this case,
can start the design process based on the workspace constraint (this
is the required area to be scanned on the patient body) to obtain the
length of the soft links and size of the based and moving platform of

Evolution of design from a rigid parallel robot to a hybrid cable-driven soft parallel robot

Transactions of the ASME



(a)

Passive
soft link

kopllmal

-
3
g

{ kln:)

=
-
|F ”,

= -

Xmin

Constrain for safety

-
3
5
\
\

3

Xmax X

Constrain for workspace

Fig. 2 Mechanical design of the soft robot structure: (a) The soft robot can be considered as nonlinear spring
which requires to have proper longitudinal and shear stiffness. (b) An analogous linear spring example can be
used to explain the design process: once the required range of motion is obtained from the kinematic model, the
stiffness of the spring can be optimized to satisfy the constrain on the required blocking force of the system.

the robot and consequently change the thickness and number of soft
links to satisfy the force constraint (this is the required force for
ultrasound imaging).

This process can be repeated several times so that it can converge
to an optimal solution. While obtaining an optimal solution is
beyond the scope of the current work, we will demonstrate that the
robot can achieve six DOF, and its interaction force is relatively
uniform within its workspace and can be adjusted by changing the
number of soft links used in the design.

2.2 Soft Cable-Driven Parallel Robot. To create a parallel
robot with six DOF the starting design point can be the structure of
well-known Stewart mechanism [20]. This mechanism consists of a
fixed and a moving platform which are connected together through
six linear actuators. To transform this mechanism to its equivalent
hybrid soft cable-driven parallel robot, the six linear actuators can be
replaced by six cable-driven actuators which connect the fixed plat
form to the moving plat form through soft links. Our initial
experimental data demonstrated that while the Stewart mechanism
design can effectively create three translational motions for the soft
robot, it fails to generate the required orientation for the robot. Thus,
we decided to modify the design and use only three cable driven
actuators to create the required three translational motions and
adding a three DOF wrist to moving plat form to accommodate the
required orientation of the robot, this is displayed in Fig. 3 below.

According to Fig. 3, the robot consists of a fixed and a moving
platform which are connected with three or more passive soft links
(we have shown three and six links designs, however, to satisty the
force constraint more soft links can be added as needed). Three
electromotors 120 deg apart actuate the moving platform through
cable and pulley mechanism. This will create three translational
motions, and to generate three rotations a three DOF wrist
mechanism is added to the top platform.

The base is circular with three mounting plates around the outer
diameter of the base. Each of the servos are placed at an angle of
about 15deg from each of the two edge anchor points of the top
platform and shifted about 4 cm clockwise around the base, to avoid
slippage and provide accurate tension from the cables. The servos
control the winded cable around the wire wheel and secure at the anchor
points of the top platform. The top platform is also rigid to support
uniformity of forces applied from the top section. The top section holds
the 9 g servo that actuates the universal joint. The cables keep the links
in tension and provide flexibility in complex environments for motion.
The links are connected to the top and bottom base to grant constant
force when applied and nonlinear actuation.

2.3 Three Degrees-of-Freedom Wrist (Universal Joint
Design). Probably the simplest design to create a three DOF wrist
is to use a three perpendicular axis rotation by adding a yaw motion
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Fig. 3 (a) Computer-aided design (CAD) model and three-
dimensional (3D) printed prototype of the soft robot with three-
soft links. (b) CAD model and 3D printed prototype of the soft
robot with six-soft links.

to a universal joint. The universal joint is composed of 3 parts: two
yokes and a cross. One yoke and two opposite rods of the cross
contain a servomount to hold the servo-and produce desired motion.
Two rods are secured together with a screw to assemble a cross. The
universal joint pictured in Fig. 4 below, is controlled by three 9 gm
servos, and the first servo is in the slot of the top platform to produce
yaw movement. The two remaining servos are attached, one at each
opposite yoke to produce roll and pitch movements. Figure 5 shows
the CAD model of the soft ultrasound robot and how it will be
mounted to perform the imaging procedure.

2.4 Fabrication of the Soft Robot. The printing parameters
were optimized to acquire the best results and save material. The
remote ultrasound robot uses common materials for 3D printers,
such as polylactic acid and Ninjaflex for simple and low-cost
fabrication [20,21]. The soft links, which are pliable and hexagonal
shaped, were printed with Ninja with 80% infill. Meanwhile, the
base, top platform, wire wheels, servoholders, servomounts and the

MAY 2024, Vol. 7 / 021012-3



Fig. 4 (a) CAD Assembly design of the universal joint. (b) 3D
printed prototype of the universal joint.

Fig. 5 Frame assignment for the soft parallel robot

components of the universal joint, were all produced using PLA and
printed with 80% infill. The cross of the universal joint is printed
separately into two rods for security and simple assembly. One end
of each rod is printed with servomounts to produce the necessary
movements, such as roll, pitch and yaw. The two yokes were printed
in two parts in polylactic acid to secure the cross and the yokes.

3 Modeling and Control

This section discusses the kinematic modeling and the trajectory
planning of the ultrasound robot, all code is executed in MATLAB or in
the Arduino microcontroller. The kinematic model consists of two
components. The first part is the model of the hybrid soft cable-
driven robot which generates three translational motions in x, y, and
z directions, and the second part of simulation uses the rotation
matrix (Euler angels) to generate the orientation of the robot using
the three DOF wrist.

3.1 Soft Cable Driven Controls. To develop the kinematics
model of the soft robot we assume that the cables are always in
tension (this is due to the stiffness of soft passive links), and the moving
platform remains parallel to the bottom platform. Next, proper frames
will be assigned to the soft robot platforms. Based on Fig. 5, the
kinematics model of the soft robot can be defined as follows:

{87} +{L7} = {P7} + {d'},

where {B? } is the position of the vertex of robot fixed platform,
{LE} is the position of the cables, {P?} is the position of the end-
effector, and {af‘ } is the position of the vertex of moving platform.

i=1,23 1)

3.2 Universal Joint Controls. This section covers the controls
used to derive the desired trajectory of the universal joint as well as
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the servo-inputs needed to complete these trajectories. The controls
of the universal joint are straightforward, the user is able to input the
movement that is desired in roll, pitch and yaw movements as well as
how long the pattern should be actuated. The script then applies the
movement pattern over the desired time-frame and finds the angle
desired for each servo-over the trajectory. The script then stores all
of these angles in an array that is used later in the controls process. It
is worth noting that the time-frame used in this script is often
imported from the hybrid soft cable driven controls to ensure that the
system actuates for the same amount of time across each of the six
servos as shown in Figs. 6-8.

3.3 Communications and Coupled Controls. This section
details the Full controls flow as well as the communication process
between the different scripts for generating the hybrid soft cable
driven trajectory, the universal joint trajectory, and the Arduino
microcontroller. The basic control flow is detailed in the Fig. 9
below.

The controls flow described in Fig. 9 is separated into two parts,
MATLAB and ARDUINO. The MATLAB controls flow goes as follows. The
desired X, Y, Z, roll, pitch, yaw trajectories are input by the user into
their respective scripts. From there, the desired trajectory for the X,
Y, and Z movement is given to the model of the hybrid soft robot
system which outputs the changes in the lengths of the cables needed
to complete the trajectory. The Universal joint trajectory planning
uses the rotational matrix of the robot to calculate the angles for each
servo on the universal joint for each given point.

These angles as well as the changes in length derived from the
model of the hybrid soft cable driven system are given to the control
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Fig.6 Simulation of the kinematics model: (a) circular trajectory
and (b) associated change in the cable length
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Fig. 7 Simulation of the kinematics model: (a) square trajectory
and (b) associated change in the cable length

merging and transformation script which finds the angles of the
bottom three servomotors required to actuate to the desired position
and combines these angles with the universal joint controls into a
single control matrix. This matrix is then given to the Arduino
communication script which transmits the angles to the Micro-
controller. This begins the Arduino controls flow; the Arduino is
receiving the angles via serial communication from the laptop. It
reads in the six desired angles simultaneously for each point in the
trajectory. Then the microcontroller sends each desired angle to the
servos in both the universal join and to the servos in the base-plate of
the hybrid soft cable driven system.

4 Experimental Results and Setup

In this section, the experimental setup and results are performed to
demonstrate and to measure the relative error of different types of
trajectories between the typical kinematics of a steward robot and this
robot. The position data was taken for all six degrees-of-freedom in
several different trajectories detailed below. The force data was
collected on the ultrasound robotic system, that utilizes 3 support links
and 6 support links. The data from all tests as well as a brief discussion
of the strengths and weaknesses of the system are contained in Sec. 4.1.

4.1 Experimental Setups. The experimental setups for the
testing processes for both the position and force data are detailed in
this section. The first setup, described in Fig. 10, was used to take all
position setup as well as all roll, pitch and yaw data. This

Journal of Engineering and Science
in Medical Diagnostics and Therapy

0.08

=)
8

Length change(m)
o
®

0.02

Time(s)

Fig. 8 Simulation of the kinematics model: (a) helical trajectory
and (b) associated change in the cable length

experimental setup consists of the ultrasound robot as well as an
external power supply to support the six servos in the system. A
laptop is used to connect to the Arduino microcontroller used in the
ultrasound robot.

This laptop runs the MATLAB scripts used to create the desired
trajectories and send the desired angles to the ultrasound robot. The
sensor electronics unit connects to the electromagnetic transmitter
and the position sensor, which reads in its position compared to the
transmitter. The position sensor is affixed to the top of the universal
joint of the robot then the position data is taken from the different
trajectories tested.

The next experimental setup, displayed in Fig. 11 was used in the
force profile testing that was done on the system. This experimental
setup also contains the ultrasound robot system as well as an external
power supply for the actuation of the servos in the system. The
laptop is attached to the Arduino microcontroller to control the
system’s actuation during force testing. The force sensor in the setup
is attached to the laptop to be able to send live force data from the
system to the laptop where it is then processed.

Now that the experimental setups have been defined the
remaining sections will cover the data recorded over the testing
process.

4.2 Roll, Pitch, Yaw Data. This section details the data taken
from the universal joint attached to the robotic system. The data
recorded was applied to three different rotational movements ina 3D
space. The universal joint accomplished movements in 3D to present
increased flexibility in all directions. The movements recorded by

MAY 2024, Vol. 7 / 021012-5



MATLAB i Arduino
Generates Model of :
Desired hybrid soft : Universal
Trajectory and “| robotic cable : Joint
timeframe driven system : Actuation
Control Merging Arduino - Arduino Code
and _ e -ation : ReaQnQ
transformation code : Desired
Script : angles
Universal Soft hybrid
Joint : cable robot
Trajectory : actuation
Planning :

Fig.9 Controls flow for ultrasound robotic system. The control system is divided into two parts. The
left part comprises the matLAB scripting steps, and the right is the Arduino scripting and controls steps.
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: Sensor Electronics Unit

Electromagnetic Position
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Transmitter

Fig. 10 Experimental setup for X, Y, Z and Roll, Pitch, and Yaw
data. The power supply, electromagnetic transmitter, ultrasound
robot, position sensor, sensor electronics unit, and laptop are all
labeled.

Ultrasound

Force Sensor

Fig. 11 Experimental setup for force data. The power supply,
ultrasound robot, force sensor, and laptop are all labeled.

the universal joint are as follows roll, pitch and yaw. The experiment
was established to ensure stability, maneuverability, and efficiency.
Position data were recorded and determined in MATLAB.

For all movements, there is an experimental movement of the
universal joint on the ultrasound robot and a desired path of the
universal joint. Beside the position data there is the recorded
error along the roll, pitch and yaw axis. Figure 12 below
illustrates the experimental trajectory and planned trajectory of
roll.

021012-6 / Vol. 7, MAY 2024

— — — Experimental data
Planned Trajectory

Yaw
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Fig. 12 Roll, pitch, yaw data in degrees. The sine wave control
used for each of the trajectories is in blue and the experimental
data are in a red dotted line.

Figure 12 exhibits the experimented position data of the roll, pitch
and yaw movement in degrees. The generated movement is shown in
blue while the experimental trajectory is shown in red dashes. The
experimental data shows a clear depiction of the planned path,
although there are some errors in the recorded data. There is
minuscule error within the roll, pitch and yaw collected data displays
a distinct pattern within all the position data. Throughout the
collected roll, pitch and yaw trajectories the graph depicts that the
data has less curvature than the planned trajectory.

4.3 Movement Data. This section is comprised of the exper-
imental setup that measures position data. The results were
performed on several different trajectories. The ultrasound robot
can perform complex movements, which provides increased
functionality and improved accuracy. The trajectories recorded
within the experiment are circle, square and spiral trajectories. For
each of the following trajectories, the experimental data is projected
along with the planned trajectory. Alongside the trajectories is the
error aligned the X, Y, Z axis. Position data analysis and graphing was
concluded in MATLAB. The graph below is experiment trajectory and
desired trajectory of a square.

Figure 13 shows the results of the square trajectory. The planned
square trajectory is demonstrated in blue while the experimental
square trajectory from ultrasound robotic system is shown in red
dashes. The experimental results show a change in the recorded
position data, where there are changes in the X and Y axis. The

Transactions of the ASME
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Fig. 14 (a) Circle trajectory versus desired trajectory. The planned trajectory is in blue and the red dotted line is the
data recorded by the first experimental setup. (b) Yand Xerror of the circle trajectory the top subgraph is Yerror, and

the bottom subgraph is X error.

experimental trajectory accomplished by the ultrasound robot
displays a clear representation of the planned trajectory, though
there are errors within the resulting data. In the X direction, there was
error present at the peak of around 9 mm, and in the Y direction there
was error, peaking at 5 mm.

Figure 14 above is the resulting data of the circle trajectory. The
experiment was conducted to examine the performance of the
ultrasound robot in achieving smooth motion, in both X and Y
directions. The planned circle trajectory is demonstrated in blue
while the experimental circle trajectory is represented by red dashes.
The path planned is a circle, but the results of the robot produced a
slightly shifted circle trajectory. The maximum error in the X
direction reached 7 mm, while the error in the Y direction maxed at
6 mm.

Figure 15 above displays a spiral trajectory. The data collected
were from a 3D experimental test, this test aims to evaluate
ultrasound robot’s accuracy in executing movements in all special
directions. The desired spiral trajectory is demonstrated in blue, and
the resulting circle trajectory is displayed in red dashes. The
experimental data evidently represents the planned path of a spiral.
The error demonstrated by the experimental trajectory was
minuscule, in the Z direction there was a maximum error of 3 mm.

Journal of Engineering and Science
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In the X and Y direction the errors resulted in the ultrasound robot
peaked at about 4 mm, though the error is slightly more error in X and
Y direction than in the Z direction.

4.4 Force Profile. This section explains the basic force profile
that was collected from the soft robotic system. The profile was
created using the second experimental setup detailed in Sec. 4.3. The
force profile was taken for two different versions of the soft robotic
system one with three soft supports and six soft supports, and these
two models are displayed in Fig. 16.

The data were taken using various circle trajectories, a circle with
radii of 0.05 m, 0.025 m, and 0.01 m, the data were also taken at the
normal operating height at both systems. The data were taken by
having the robot actuate in said circles stopping ten times in every
circle, the robot then realizes a bit of tension from the cables causing
the top part of the system to drift up slightly. The force sensor is
placed on the top as it drifts upward and the force at that point is then
recorded digitally using MEASURELITE software. The trajectory
stopping points are listed in Fig. 17.

The three circles of red points represent the stopping points where
the force data was recorded. The points of the blue triangle represent

MAY 2024, Vol. 7 / 021012-7
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Fig. 16 (a) CAD Assembly of the three-support system and
(b) CAD assembly of the six-support system

30mm
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Fig. 17 It shows stopping points and workspace for force
testing. The blue triangle displays the fixed based of the robot,
and the lines between stopping points are used to categorize the
data later.

the placement of each of the servos in the base-plate of the hybrid
soft cable driven robot. The data was recorded starting at the
rightmost point of the largest circle, clockwise around the largest
circle, then inward to the smaller circle. The data from the testing is
displayed in Tables 1 and 2.

The two tables cover force data from the six-support setup 1 and
the second being from the three-support setup 2. The first ten testing

021012-8 / Vol. 7, MAY 2024

Table1 Testing data from six support in Newtons. The data max
is 6.69 N, and the minimum is 6.25 N.

Angle (deg) Smm  2.5mm I mm I mm 25mm  Smm
0 6.66 6.47 6.25 6.36 6.47 6.61
36 6.5 6.55 6.74 6.58 6.57 6.49
72 6.45 6.51 6.5 6.5 6.57 6.51
108 6.64 6.62 6.54 6.45 6.69 6.57
144 6.61 6.52 6.61 6.48 6.61 6.57

Table 2 Testing data from three support in Newtons. The data
max is 2.89 N, and the minimum is 2.69 N.

Angle (deg) Smm  2.5mm I mm Imm 25mm  Smm
0 2.73 2.76 2.74 2.74 291 2.79
36 2.82 278 2.76 2.81 275 2.81
72 2.75 2.81 2.82 276 2.73 2.72
108 2.85 2.92 2.69 2.71 2.89 2.81
144 2.85 2.84 2.86 2.84 2.64 2.64

data points represent the largest circle, data points eleven through
twenty represent the middle circle and data points twenty-one
through thirty represent the smallest circle. The data across all three
circles for both the six- and three-support setups is quite consistent.
The six-support setup produces a constant force of approximately
6.6 N at all data points tested. The three-support setup produces a
constant force of approximately 2.7 N at all data points tested.

There were no large spikes of force in the data at any tested point,
showing that the system’s supportive force output is constant across
the central workspace. The force could be alerted by doing this
trajectory at a different Z point making it closer or farther from the
base-plate. The number of soft supports could also be changed until
the desired static supporting force is reached.

5 Conclusion

This paper discussed the development of a novel ultrasound
robotic system. Through numerical simulations and experimental
results, it has been shown that the robot has six DOF and can move in
any 3D arbitrary trajectories within its workspace. The blocking
force of the robot has been measured and showed that it is uniform in
any radial direction within the workspace.

Moreover, by changing the number of passive links from three to
six, it has been shown that the blocking force of the robot can be

Transactions of the ASME



adjusted to satisfy the force constraint of the problem. Our future
work includes the development of closed-loop control systems for
robust position control of the robot, optimization of the robot soft
links so that it can be used for abdomen ultrasound imaging, and
integration of six DOF joystick to steer the robot remotely.
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