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Abstract

Objectives: This research investigates designing a contin-
uum soft robot and proposing a kinematic matching control
to enable the robot to perform a specified medical task,
which in this paper is the transesophageal echocardiography
(TEE).

Methods: A multi-chamber soft robot was designed and
fabricated based on the molding of separate layers. The
method of transformation matrices was used to develop the
kinematic models, and a control method using Jacobian
matrices was proposed to manipulate the robot.

Results: A prototype was made based on a multi-chamber
multi-layer design. The system contains three segments that
can be actuated independently to mimic the active bending
part of the respective probe. Kinematic models were devel-
oped. Negative pressure (vacuum) was used as actuation
input. An open-loop controller inspired by a redundancy
resolution technique was proposed to make the soft robot tip
follow the desired path, i.e. the path of the rigid ultrasound
probe.

Conclusions: It is concluded that the soft solution can
perform the required task as the reachable points of the
TEE tip cover the proposed robot workspace and the pro-
posed control can be used for maneuvering in arbitrary
trajectories.
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Introduction

Medical endoscopes are extensively used in invasive or
semi-invasive procedures, while in semi-invasive endos-
copy, the aim is often diagnostic, focusing on visualizing and
assessing the condition of internal organs or structures
without the need for major surgical intervention. Semi-
invasive techniques capitalize on natural orifices, such as
the mouth, anus, or urethra, to access internal regions of
interest. In transesophageal echocardiography (TEE), a semi-
invasive procedure commonly used in cardiology, an endo-
scope is inserted through the mouth and into the esophagus
to obtain detailed images of the heart and the surrounding
structures. TEE is known as the standard intraoperative
diagnostic method in major surgical procedures, as well as in
emergency and intensive care medicine. A conventional TEE
probe is an endoscope that is manually operated by a
physician. At the proximal section of the insertion tube,
there is an ultrasound transducer to get cross-sectional im-
ages of the patient’s heart, based on backscattered ultra-
sound waves [1]. Observation of a typical scenario of TEE
application in a surgery room is shown in Figure 1. First,
technicians prepare the surgery room and an ultrasound
(US) machine. A technician inserts the proximal end through
the patient’s esophagus. At the beginning of the surgery, the
physician (sonographer) makes some minor mechanical
adjustments to the position and orientation of the probe and
then uses the electronic keys and controls of the US machine
to observe the desired cross-sectional views of the patient’s
heart.

TEE leverages the proximity of the esophagus to the
heart, providing clear and detailed US images. The insertion
pathway for the TEE probe involves navigating through the
patient’s mouth and esophagus down to the stomach. The
probe is gently inserted into the mouth, passing through
the oropharynx. It continues down the esophagus, typically
requiring slight flexion to navigate the curvature of the
esophagus. Final positioning may involve advancing the
probe into the stomach for transgastric views or with-
drawing to specific depths for mid-esophageal views. The
esophagus is an approximately 25-30 cm muscular tube
connecting the pharynx to the stomach. The esophagus has
natural curves and bends, particularly where it passes
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TEE probe is
connected to US
machine.

A technician brings the US system and

inserts the probe into the patient’s body.

The probe is located above the patient when the room is
ready for the medical procedure.

The procedure continues.

The physician adjusts the images.

The physician manipulates the probe to
observe the images.

!

Figure 1: A typical TEE application (photos taken by the authors).

behind the heart and around the aortic arch. The probe must
navigate these curves without causing trauma or discomfort.
The esophagus lies directly posterior to the heart, providing
close access to cardiac structures. Key imaging windows are
typically at 25-35 cm depth (mid-esophageal) and 35-45 cm
depth (transgastric). A minimum bending radius can be
considered as the smallest radius to which the probe is safely
bent without causing damage to the probe or harm to the
patient. Typical ranges from 2.5 to 4 cm allow the probe to
flex sufficiently to navigate the esophagus and stomach
while maintaining structural integrity, patient safety, and
image quality.

The conventional process has known limitations and
significant risks such as human errors, exposure of the
sonographer to X-rays in Catheterization Laboratory ap-
plications, and the complexity of multitasking. The inser-
tion tube is described as a wire-driven linkage of rigid
components, allowing mechanical bending in right-left or
forward-backward directions. From the patient’s perspec-
tive, the probe exhibits inconvenience in passing through
the human esophagus, especially at the three anatomically
performed constrictions. Despite being labeled as flexible,
the insertion part is rigid, and when bent during operation,
the bent section lacks compliance. A critical risk in TEE
procedures is the potential failure to straighten the probe
during the retracting or removal from the esophagus.
Incorrect manipulation of the probe’s position in the pa-
tient’s body may exert high forces, leading to the rupture of

soft tissues. In response to these issues and limitations in
terms of manipulation and ergonomics, researchers pro-
pose robot-assisted solutions to address similar challenges
[2, 3]. Some previous research has proposed robotic solu-
tions for the specific problem [4, 5]. Such systems are
master-slave holders to manipulate the probe handle and
encounter essential problems, especially controllability of
subsection [6]. An assistive arm was proposed [6] to alle-
viate the problem, and another solution has been proposed
by including a passive guide system [7]. However, such
solutions add further hardware to the conventional system,
which is inserted without any changes inside the holders,
and so cannot solve the rigidity problem and can create
new potential hazards due to the additional complexities. It
is conceived that continuum soft robots can be developed as
a replacement for the current probes. In this study, we
investigate the idea of the probe being redesigned or
replaced with a soft robot.

Continuum robots, which can be defined as narrow and
long elephant-trunk-like manipulators, have the potential to
reach body organs with minor tissue trauma. Medical con-
tinuum robots Ion (Intuitive Surgical, Inc. Sunnyvale, CA,
USA) and Monarch™ (Auris Health, Inc. Redwood City, CA,
USA) made for lung biopsy have shown improved dexterity
over traditional bronchoscopes [8]. The cable-driven robot
Flex® Robotic System (Medrobotics, Raynham, MA, USA) was
employed in head and neck surgery [9]. Vascular navigation
systems CorPath GRX (Corindus, Inc. Waltham, MA, USA) and
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Magellan and Sensei (Hansen Medical, Mountain View, CA,
USA) are examples of continuum manipulators passed
through blood vessels. Researchers have investigated many
other applications such as gastroenterological and urogeni-
tal interventions, but such studies are still in the develop-
ment stage [10]. Soft continuum robots, made with soft
elastomers, have the advantage of compliance over the hard
continuum robots constructed of metal links, tubes, and
cables. A colonoscopy robot made with soft material is pro-
posed in [11]. A hydraulic soft robot has been proposed for
vascular stenosis in [12].

Medical devices suffer technology limitations, and haz-
ards inherent to their powerful and oversized design
derived from the hard industrial applications [13]. The bio-
mimetic concept of bhiology for engineering (Bio4Eng) is
applied to find new solutions embodied as soft robots to
mirror the properties of soft bodies of live animals or bio-
logical systems [14, 15]. In robotics literature, many fluid-
driven soft actuators [16-18] have been proposed to mimic
biological muscles. Such soft continuum systems are of low
weight and do not need bearings, gears, and metal parts.
Therefore, the soft solutions appear as a new way to design
medical systems [19, 20]. The target is not only to replicate
the traditional rigid systems with the soft systems but also to
solve the problems of the existing technological limitations.
Biomedical applications of soft robotics have a wide poten-
tial scope including rehabilitation, robotic surgery [21], and
specifically application as a continuum end effector as in
ultrasound imaging.

Nevertheless, there are practical gaps between soft ro-
botics and specified medical applications. Soft robots
commonly have been developed in the robotics field, without
considering medical considerations. Caveats such as bulky
size and low precision or controllability of soft robots
make the medical society exceptive regarding the quality
performance of soft robots in a medical context. Further
investigations and developments are necessary to explore
and extend the feasibility and applicability of soft robots for
each intended use, not at least due to the necessary autho-
rization procedures.

A soft robot intended to be used as a medical probe
should consider size and scale considerations and kinematic
capabilities that enable the soft robot for the specific appli-
cation. A reasonable requirement is that the diameter of the
soft robot does not exceed that of the rigid counterpart and
the steering motions are similar so that users find steering of
the soft system similar to the conventional probe. In the
previous study [22], a McKibben-type soft robot was designed
and a kinematic matching algorithm was proposed to satisfy
such requirements. The McKibben actuators work with high

Sayahkarajy and Witte: Continuous kinematic matching control for the soft medical robot =—— 3

positive pressures, while negative pressures are considered
safer in human-machine interactions. Furthermore, the ki-
nematic matching algorithm was developed with a machine
learning method that is useful when the input is discrete (e.g.
finite and discrete amounts of pressure values are supplied
as input), or when an experimental dataset of the input-
output relation is available. This article aims to propose a
conceptual soft robotic solution for the application and
demonstrate the model and design towards a practical pro-
totype. The goal is to evaluate the potential of multi-chamber
soft pneumatic robots to play the role of current (more rigid)
TEE probes. The design, fabrication method, and model are
presented, and a prototype is fabricated as a demonstrator.
Finally, a control method which, fundamentally, is based on
Jacobian matrices and redundancy resolution technique, is
proposed to provide required kinematic similarity and
enable the soft robot to do specific maneuvering tasks.

Materials and methods
The soft robot working principle

Some conventional TEE probes stored in a hospital are
shown in Figure 2(A). The end section of the insertion tube,
shown in the zoomed view, is inserted through the patient’s
esophagus (Figure 2(B)) towards the stomach. Conceptually,
a snake-like soft robot can perform this task. Most of the
pneumatic soft robots, especially the fiber-reinforced mus-
cles, depend on the availability of pneumatic equipment and
work with positive pressures. Fabrication of the muscles,
especially in small sizes, is complex. Another class of soft
robots is developed by casting multi-chamber actuators
[23-25]. The design and main dimensions of the multi-
chamber soft probe are shown in Figure 2(C). Overall
external dimensions of the soft robot are given as a 10 mm
width prismatic shape of length 160 mm (similar to the tar-
geted probe as in Figure 2(A)), with cubic cavities of width of
3mm and length of 9 mm as the actuation chambers.

A multi-chamber soft robot may work with negative or
positive pressures [26]. In many cases, negative pressure or
vacuum systems are safer because there is no hazard of an
explosion of the chambers [27]. Vacuum-driven soft robots
can be considered as muscle-inspired systems [28]. The idea
is that when the air in a chamber is sucked out, it acts like a
contraction-type muscle, leading to the inward bending of
the soft beam due to an asymmetry in the robot cross-
section. A similar concept has been used in reference [29].

The dimensions are taken from the size of the conven-
tional system obtained from measurements. Figure 2(D)
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Figure 2: Illustration on anatomy and the conceptual design: (A) actual TEE probes, (B) esophagus anatomy (provided using complete anatomy from
3D4MEDICAL from ELSEVIER), (C) overall dimensions in mm, (D) principle of local bending due to pressurizing.

shows finite element (FE) displacement analysis, where the
red arrows show the loading (vacuum) of the chambers,
green shows the fixed boundary conditions, and the color of
the deformed body represents von Mises stress. Exertion of
negative pressure to a single chamber results in local
bending, and communal loading results in uniform bending
as the working principle of this design.

A basic linear FE analysis may be useful for conceptual
design, but FE analysis of elastomeric devices undergoing
large deflections is complex. Pure FE modeling of soft robots
is found in related articles like [30], and [31]. However, the
high-order models obtained from FE are used with other

methods like neural networks or machine learning tech-
niques [32, 33], or order-reduction methods as in [34]. In
references [35] and [36] FE is used along with approximate
analytical models. Simulation of an approximate model
constructed with constant curvature sections is much faster
than the relevant FE model with minor errors, as reported in
[35]. Comprehensive FE analysis is useful for design opti-
mization, which is not the scope of this study. For slender
manipulators with linear elastic materials and small
deflection, FE followed by modal order reduction provides
models that represent the system dynamics parsimoniously
[37]. However, as stated in reference [31] (see also reference
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[38] for basics of the FE model of elastomers), material
properties, i.e. the coefficients of the nonlinear stress-strain
models of elastomers, have a significant influence on simu-
lation results. The properties may change with variations in
fabrication process conditions (like temperature, timing, or
ingredient proportion).

Fabrication process

Soft robotics depends more on experimental results to show
feasibility and performance. For this reason, the study con-
tinues with prototyping a demonstrator for further tests and
observations. After adding details to the initial design, as in
Figure 3(A), CAD/CAM process was implemented to design
and fabricate the molds shown in Figure 3(B)—(D). Employing
SolidWorks®, the prismatic probe was cut longitudinally to
separate mouldable parts. Then, the mold design was ob-
tained by indenting the parts between raw mold parts using
the molding toolbox. The mold was fabricated using CNC
machining of a polyoxymethylene (POM) plate at A2Lab of
Universiti Teknologi Malaysia (UTM) using a fine CNC ma-
chine from Roland DG Corporation.

The molding process was performed using the equip-
ment at the Reconfigurable Robotics Lab at Ecole Poly-
technique Fédérale de Lausanne, EPFL. First, Dragon Skin
agents were weighed and mixed with 2,000 rpm for 2 min as
in Figure 3(E). Meanwhile, the molds were cleaned with
alcohol, and mold-releasing material was sprayed on them
(Figure 3(F)). Before pouring the soft material into the molds,
it was put in a vacuum to eliminate bubbles (Figure 3(G)).
Then, after the material was poured, the molds were left in
the vacuum again until the bubbles disappeared (Figure 3(H)).
Then the mold pairs were plugged together (Figure 3(I)) and
put in the furnace for curing the material, as shown in
Figure 3(]). Then the molds were opened with the imple-
mented screws (Figure 3(K)). The samples needed some
trimming with a sharp cutter. The samples showed a satis-
factory appearance, providing confidence that the fabrication
would give realistic results. Note that two samples, each
containing half of the cavities, are fixed together to make
cavities in the soft part. The samples need to be placed
correctly on top of each other. Soft silicone parts do not keep a
rigid shape and move or deform with small forces, which
makes manual assembly very hard. Therefore, a simple
fixture was made using a laser cut (Figure 3(L)) out of a 6 mm
POM plate, as shown in Figure 3(M). The cast parts were
connected with the same material and processing mentioned
earlier.
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One problem that arose during production was the
connection of the tubes to the chambers. It did not seem
sensible to connect each chamber to a tube manually. For
this purpose, thin fiberglass sheets with conductive tracks,
made with a laser-cut CNC machine (Figure 3(N)), were
used to group the chambers or connect them to the air
ducts. A 0.1mm thickness film of the soft material
(Figure 3(0)) plus a thinner retarder (SLO-JO™ Platinum
Silicone Cure Retarder) was applied to the 0.4 mm thick
fiberglass sheet parts using Zehntner GmbH’s ZA 2300
automatic film applicator, Figure 3(P). The sheet parts
function similarly to the printed circuit boards in elec-
tronic circuits, except that the conductor is the channels
or cuts (Figure 3(Q)). In this way, the number of tubes
required was reduced and a three-part soft actuator was
obtained. To assemble the soft parts and the layers in the
right place to each other, the POM fixture (Figure 3(M)) was
again used.

Modeling method and assumptions

Continuum soft robots have no joints and rigid links, so, their
kinematics are not precisely described by rigid multibody
transformations and rotations as in classical manipulators
[39]. Nevertheless, various techniques have been proposed to
obtain approximate models that are different in computa-
tional complexity and may be suited for a different geometry
or loading of the robot [40]. For long and slender geometries
like the octopus-tentacle soft robots directors approach and
Cosserat rod model are proposed, where the particles are
supposed to be rigidly connected to a triad of orthonormal
vectors (directors) to characterize its orientation [41]. For
robots with more 3D geometries, as in multi-chamber soft
robots, the FE represents the standard continuum mechanics
simulation method. However, FE modeling of nonlinearities,
mechanical details, and multi-material structure is complex
and the model matrices are of large orders. Generally,
precise modeling of soft robots is a complex task that
is impossible under certain conditions of execution vari-
ability. Additionally, approximate models are often sufficient
for typical tasks of soft robots. In many applications, there
are no significant external loads and the robot is manipu-
lated at low velocities. Therefore, a quasi-static model can
describe the system. Nevertheless, the description of the ki-
nematic equations and the kinematic control is an error-
prone task. In this work, the assumption of constant curva-
ture of the segments is used together with the method of
transformation matrices [42].
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(A) (8) (€) (D)

Figure 3: The fabrication process: (A) preparing the CAD design, (B) the mold design, (C) CNC machining, (D) fabricated molds, (E) material mixing,
(F) molding, (G) the vacuum, (H) removing bubbles in the samples, (I) clamping, (J) curing in a furnace, (K) opening the molds, (L) the laser cut machine,
(M) the POM fixture, (N) cutting the sheets, (O) coating material, (P) the film applicator, (Q) the thin sheet parts.

Kinematic framework arbitrary point expressed as {"'x,"ly,"'z}" (or, actually, its

corresponding homogeneous vector {'x,"ly,"'z,1}") repre-
Homogeneous transformation matrices TeSE@3) (read —sentedin coordinate system i-1, to its representation {','y,z}"
Euclidean group of dimensions 3) are used to project an in coordinate system i by the homogeneous transform
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Where the orthonormal submatrix ReSO(3) represents
the rotation of i respect to i-1, and d € R3 represents the
translation vector. The application of transformation
matrices allows us to measure relative poses with stan-
dard matrix multiplications. The coordinate systems
defined in Figure 4 (Top) are used for mapping the bending
angles to the tip pose using relevant transformation
matrices. XYy is the global ‘grounded’ coordinate system,
and X,Y, is the local coordinate system at the tip. Each
segment has a bending part described with constant cur-
vature, and an inactive part with length b is located at the
tip. Denoted by 'H;, the relative transformation from
frame i-1 to frame i, the transformation is supposed as a
combination of pure rotations around X or Z axes, pre-
sented as Rotx(.) and Rotz(.), or pure transformations,
denoted as Transx(.) and Transy(.), standing for trans-
lation along X and Y respectively.

Each bending segment is realized by connecting
neighboring chambers to a common pressure line. The
robot has three segments that can be operated indepen-
dently of each other. The coordinate system used to

{4
Xa 7 %8

Y3

5l | X
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describe the rigid counterpart is shown in Figure 4 (below).
The rigid system has seven links that are driven by cables.
The remaining question is how the soft robot can mimic the
kinematics of the rigid counterpart. In this paper, a method
based on Jacobian matrices is proposed. The technical
measurements of the relations and equations are given in
the next section.

Results
Prototyping the soft robot

The production of silicone parts in small sizes is a challenge.
The process described in the method section gave good re-
sults, as seen in Figure 5. In particular, we focused on pro-
ducing the soft robot with the classical equipment used in soft
robotics laboratories. To make the fine cavities, two parts
were molded, as shown in Figure 5(A), and joined together in
Figure 5(B). The resulting silicone part can be seen in
Figure 5(C). The next step is to assemble the tubes and con-
nectors, as shown in Figure 5(D). The final prototype of the
demonstrator is shown in Figure 5(E). Implementation of the
air canals provides the possibility of inserting multiple tubes
to have control over individual sections of the soft robot.

Segment 3

{3}
X2
Y4 7 )
B{Z}
2

Segment 2
-—

After bending

Initial state

Figure 4: Representation of the coordinate systems for the soft (top), and rigid linkage (bottom) probe.
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(A) (B) ©)

(D) (E)

Figure 5: Fabrication results: (A) the silicon parts, (B) connecting the parts, (C) the multi-chamber probe, (D) connecting the tubes, (E) the complete

assembly.

Pressure-curvature relation

Some experiments were conducted to obtain pressure to
curvature relation. For this measurement, a simple experi-
mental setup represented in Figure 6A and B was used. A
compressor supplies pressurized air for the vacuum ejector
(in-line style vacuum ejector ZUO5S, by SMC GmbH) which
provides the negative pressure for the soft part. For
simplicity of the experiment and measurement, all the

chambers (or pipes, in better words) were connected to a
common vacuum line. Note that each pipe can be connected
to a separate vacuum generator, to have better control over
the robot. However, for the pressure-curvature measure-
ment (or calibration), a single vacuum source connected to
all segments suffices because the segments are similar. Five
values of radius, r, were targeted, and the (negative) pres-
sure, P, was adjusted to reach close to the value. Numerical
values are given in Figure 6(C). For measuring the bending,

Vacuium
5 )

@ ejector

Linear func. f1

80 ]
* Data

No. r(mm) P (kPa) - Fitted curve
1 40 82 6-560 *  Testdata
2 50 74 <
3 60 67 5
4 70 52 3
5 80 45 S 40
6 90 38 L
7 100 36 55
8 110 31 40 60 80 100 120
9 120 28 -

(©) (D)

Vacuum (kPa)

A XL )

—

Vacuum pipes

N
Soft robot
(B)
Quad. func. test f2 Quad. func. f3
807 807
* = *
60 < 60
* €
$ 3
40 3 §40
X %
20 20
40 60 80 100 120 40 60 80 100 120
r (mm) r (mm)
(E) (F)

Figure 6: Experimental calibration: (A) measurement setup, (B) the pneumatic circuit, (C) numerical values, (D) linear function approximation,

(E) quadratic function with test data, (F) quadratic function fitted on all data.
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circularly shaped pieces of paper with known diameters
were used as templates, and the pressure was varied to make
the robot get the templates’ curvature. The result was
interpolated to achieve the curvature-pressure relation.

A curve fitting procedure was followed to estimate a
continuous function representing the required vacuum for a
given curvature. First, to select the degree of the polynomial,
data numbers 1, 3, ..., 9 were used as fitting data, and data
numbers 2, 4, ..., 8 were used as test data. Then, for com-
parison, a linear and a quadratic function, given as f; and f,
as follows, were fitted to the fitting data.

fi(r)=aT+a, a =-0.685,a, =107
fz (r) = b1 rz + bzr + b3,b1 =0.00482, bz = -1.46, bz =134

As the quadratic function showed less error, it was
selected as the required function form. Then, all the data was
treated as fitting data, and the curve fitting with quadratic
function was repeated. The final fitted function is given as f;
as follows:

P=fi(r)=cir*+cr+cs @)

where ¢; = 0.00607, ¢, = —-1.67, ¢3 = 141. The functions are
depicted in Figure 6(D-F). By experimental calibration, the
relation between the required input pressure, P, and
bending radius was obtained as (2). Knowing the required
bending (or radius r) for each segment, (2) gives the required
pressure, P, for the segment. It is worth noting that the
quadratic formula can be used to solve for r in the interval 20
<1 <140, which gives the following result

. 1.67 — v/6.25 — 0.0245P
- 0.0121

Curvature-position relation

This subsection presents the forward kinematic equations
relating the states, i.e. segmental bending, to the tip position
as the output. The state-output relations can be used for
workspace evaluation for different probes. The required
pressure to provide the curvature can be obtained using the
relation given in the previous subsection for each segment.
Considering Figure 4 (top), for segment 1 the forward kine-
matic equations can be described as a rotation around Xo,
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followed by translation of the origin ‘0’ to ‘1, and rotation
around Z,. The transformation is calculated as

T1 = Rotx (0y)Transx (ry. sin(6,;)Transy (r

(1- cos(Bx)))Rotz(0,) ®
Similarly, for segments 2 and 3
T, = Transx (r,. sin(6,,))Transy (r, (1 @
— €08 (02)))Rotz(6,,)
T3 = Transx(rs. sin(6,3))Transy (r; (1 )

— ¢0s(03)))Rotz (0,3)

Note that when a segment is not actuated, a single trans-
formation Transx(as,) is used instead of Transx(r;.sin(6,;))
Transy(r{1-cos(6,)))Rotz(,;), where as, represents the
segment length. In addition to the active segments, similar to
the actuated part of the TEE probe, there is an inactive part of
length b at the tip of the probe, which remains straight and is
simply modeled as

T = Transx (b) (6)

Thus, the homogeneous transform, H, as follows relates the
tip position in frame 4 to its position vector in frame 0 as

-0 —4
H= T1T2T3Txb > PTipS = HPTip (7)

Conventional probe state-output relations

The conventional TEE probe mechanism is described as
serially connected rigid links (Figure 4 (bottom)) driven by a
cable passed through the links. The cable goes around a pulley
and is driven manually with rotation knobs known as big and
small wheels. The model consists of serially connected rigid
links, where XgYgZg is located at the tip and Zg is normal to the
sensor. Each link rotates around the Z-axis of the previous link
in ante flex-retroflex, and the relevant Y-axis in lateral
bending. Mathematically, each coordinate i is obtained by
rotating the previous system with an angle 6,; around Z;;,
followed by a translation /; (=length of the link) along the new
coordinate, followed by a rotation 6,,; around the new Y-axis.
The transformation matrix for each link i=1 ... 7 is repre-
sented as Ti=Ty(0,;1;6y)=Rotz(6,) Transx(l)Roty(6,,), or

Cos (0y;)Cos(0,) —Sin(8;) Cos(6,)Sin(6y;) 1;Cos(6y)
a1 | Cos(6,)Sin(6,) Cos(0) Sin(6)Sin(0,) 1:Sin(6,)
Ti(0 1 0) = | ™ g3, 0 Cos (6, 0 ®)
0 0 0 1
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Note that the matrix has equal values for all seven links as link
lengths, I;, and rotations, 6,; 6,; are equal for all links due to
sharing the same mechanical conditions ignoring friction.
Thus, the matrix is calculated once and multiplied by seven
times. A homogeneous transformation matrix, H, relating the
tip position in frame 8 to its position vector in frame 0 is
obtained from (8) and (6) as

. -0
H = (Tﬂ)Txb > PTipR = HPTip ©)

These equations are employed to represent the kine-
matics and workspace of the TEE as a reference for the
evaluation of the soft robot. When the probe is to be replaced
with a soft robot that maintains the capability of the rigid
probe, it is necessary that the soft robot acts kinematically
similarly to the existing probe.

Kinematic matching

For the rigid probe, the state vector is ﬁ r =16, Oy]T; and the
input space, Q" can be represented by the range of the
angles obtained experimentally as
Qe = {5R|o <0,<18°,0<0, < 7"} (10)
Note that (10) represents the ‘internal’ variables or an-
gles between the links, while the output or ‘external’ vari-
able is the tip position. Putting the internal variables as in
(10) into (8) and (9), a set of reachable points, which repre-
sents the workspace, W™ c R3, is obtained.

. -0
ergld = { PTipR 11

aR c Qrigid}
Similarly, for the multi-chamber soft probe, the state vector

and state set are defined as

Zis = [0x, 0,1, 0, 923]T

QS0 = {ﬁsm <0,<60°,0<80,< 50"} (12)

Then, the reachable workspace WS°R c R® is defined as
the set of tip point positions that can be reached by some

choice of the state vector, 65, within the set of admissible
states Q%°F;

0
-SOR0 __
w - {P TipS

as € QSDRO}

For a first visual inspection, the workspaces are depic-
ted in Figure 7(A). Not surprisingly, and due to the similarity
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of the design parameters (i.e. dimensions and curvature), the
workspace of the soft robot covers the TEE tip reachable
area. However, for usability, further kinematic similarity is
required so that the soft robots mechanically act like the
original probe (to eliminate the need for extra training of
the sonographers to manipulate the soft robot and to allow
the grandfathering process). As the TEE is manipulated
slowly, we search for a quasi-static (or kinematic, in better
words) relation that keeps the motion of the soft robot tip,

—0 0
8P yyys, close to that of the rigid probe, §Pyy,,. Note that

-0 -0

8Pripr =] (48 qx and 8Prys =] (q5)5qs, Where J(q)
denotes the pertinent Jacobian matrix. The problem can be

cast into a minimization problem with a cost function F as

_o 2

F= IU<53>535 =8Pl + 128 g5l (13)
While the first term accounts for displacement error, the
second term with the arbitrary parameter A penalizes large
joint space rates (providing smooth motions with small state

transitions). At the extrema, the gradient VF vanishes. As F
can be expanded as

T of = N N - T of = -0
F=6q5] | qs qs |6qs—26qs J | qs |6Prype

0o T o 2 T _.
+8Pryp 6PTipR+/16qS 6qs

oF rf = =Nl \sp'
5—6522<] (qs)[<qs>5q5 -] (qs>6PTipR

+A2663T6ﬁs>,wehave

- ~ R 0\ =0
<]T< %)’( ‘Zs> +)‘21>6QS :]T< QS>6PTipR

That can be arranged as follows

8qs=M8qp, M

[(r(a(a) ) r(ap(a)]

Matrix M can be considered as the kinematic controller
mapping the state vector of the rigid probe to that of the soft
robot so that the tip of the soft robot follows that of the rigid
counterpart. The matrix can be calculated offline for discrete
representative points in the input space; then, a radial basis
function (RBF) network can be trained using the calculated
data and be used as the approximate function. For simula-

tions, three different scenarios with arbitrary inputs, qp, is
considered as in Figure 7(B). MATLAB® newrb function was

trained using 420 values obtained from ¢, over a 10 x 42
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uniformly distributed lattice on Q"¥“. Then, the trained
network was used as an open-loop controller. The simulation
results are shown in Figure 7 (C-E) for the different scenarios.

Figure7: Results: (A) workspace of the soft robot
vs. the rigid counterpart, (B) the inputs in three
different scenarios, (C) tip trajectory in scenario
1, (D) tip trajectory in scenario 2, and (E) tip
trajectory in scenario 3.

The kinematic similarity can be technically explained
based on the results depicted in Figure 7. Note that the nu-
merical values correspond to the tip point coordinates
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concerning the XqY, coordinate system as in Figure 4.
Figure 7(A) shows that the soft robot, overlay, has access to
the rigid probe workspace (Except in the un-actuated or
straight position, which is not an important case for the
application). Furthermore, with implementing the proposed
control method, the soft robot tip is forced to follow
the trajectory of the rigid counterpart, as shown in
Figure 7(C-E). The inputs are given in Figure 7(B), repre-
senting scenarios where the control wheels are rotated in
different manners.

Discussion

Soft robots are prospective candidates for developing next-
generation ultrasound imaging probes. However, soft ro-
botics is highly case-dependent and generally relies more
on empirical investigations than theoretical studies and
simulations. The soft robot works with negative pressures
that eliminate the hazard of leakage or inflation. The
methods and equipment used in classic soft robotics lab-
oratories were employed to make the miniature soft robot.
Due to the small diameter of the probe, the fabrication
process and assembling soft parts need some more steps.
Such complexity might be solved in the future by advances
in soft and multi-material 3D printing technology, but to
the knowledge of the authors, presently such soft mate-
rials, especially with such small dimensions, are not
3D printed. The robot contains three segments each
controlled separately. The multi-DoF capability is useful
for gesture control, but the actuator redundancy causes
control complexities. For the latter problem, we proposed
a redundancy resolution technique to force the soft robot
to mimic the kinematics of the original probe. This is a
usability advantage in the context of medical device
development, as the sonographers can still rely on their
experience and previous training with the original or
conventional probe.

The most important contribution of this work is pro-
posing a mathematical tool to make the steering of the soft
robot similar to the conventional system. The tool, as the
software of the robot controller, translates the user (sonog-
rapher) command to inputs of the robot. Note that the user
input can be received from a teach pendant or a rotational
potentiometer similar to the control wheels of the conven-
tional probe. In this way, the user will interact with a teach
pendant that has the same control knobs as the traditional
system, and the internal states (the multiple segmental
bending, axial rotation of the robot, or equivalently, rotation
of the US plane) are controlled by the software. The
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controller leverages the actuator redundancy for positioning
the US sensor located at the robot tip, and the user does not
manipulate the segments directly.

Conclusions

In this work, a multi-chamber soft robot was designed
and studied for an intended medical use: transesophageal
echocardiography (TEE). The design and fabrication process
leading to the working prototype was described. The results
show that the proposed soft robot made with the scale of the
TEE probe has the capability of being a replacement for the
conventional probe. The quasi-static model and control
method based on transformation matrices and kinematic
redundancy resolution were developed for the soft robot. A
further advantage of the soft robot is its inherent compliance
and the consequent reduced hazard of injuring the patient’s
tissues.
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