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Abstract—The robotic transesophageal ultrasound sys-
tem has the potential to improve the conventional practice
of diagnosis and procedure guidance that are currently per-
formed manually. However, the existing system has obvious
shortcomings in both mechanism design and safety control
under remote teleoperation. This article proposed a new
compact mechanism design and achieved remote teleoper-
ation through system integration. Furthermore, this article
introduced a virtual admittance-based master-slave con-
trol method that meets the needs of ultrasound operation,
making the robot autonomous in regulating both force and
speed. Through a series of experiments, the accuracy of
the robot in operation and the effectiveness of the control
method were verified. The proposed control method can
regulate the contact force, slowing the increase of the inter-
action force to ensure safety. It can also adjust the scale of
the motion automatically, allowing the user to fine tune the
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ultrasound plane efficiently. In addition, the controller can
increase the backdrivability, avoiding injuries to the tissue
due to mishandling. It is therefore concluded that work has
significantly improved the usability of a transesophageal
ultrasound robot and made this technology further conform
to the control habits of ultrasound scanning.

Index Terms—Continuum robots, master-slave con-
trol, medical robots, robotic ultrasound, robotic-assisted
surgery.

|. INTRODUCTION

EDICAL ultrasound is a valuable imaging tool that

alows doctors to assess patients in rea-time. An ul-
trasound scan is simple to perform, inexpensive, and does not
involve hazardous ionizing radiation, as opposed to many other
modalities. Since the late 1990s, researchers in the European
Union, North America, and Japan have been interested in robo-
tizing ultrasound devices. Thiswasbecauserobotized ultrasound
systems could potentially address some of the drawbacks of on-
site manual manipulation of hand-held probes, such asthe diffi-
culty of maintaining accurate probe positioning for long periods
of timewith human hands[1] and the need for experienced sono-
graphers to be present [2]. More recently, several efforts have
been made to robotize intraoperative ultrasound systemsto cre-
ate easier, more stabl e substitutes for manually controlled intra-
operative ultrasound equipment [ 3]. Examples of intra-operative
ultrasound systems include transesophageal echocardiography
(TEE) and intracardiac echocardiography (ICE) for heart ex-
amination, transrectal ultrasonography (TRUS) for prostate ex-
amination, and endoscopic ultrasound for gastrointestinal tract
examination.

As an early example of robotizing an intra-operative ultra-
sound probe, the work of Kim et al. [4] proposed a TRUS robot
to assist prostate diagnosis and provide surgeons with intraop-
erative ultrasound navigation. The precision and accuracy of
biopsy needle positioning with the assistance of the imaging
robot weretested [5], and thefollow-up clinical trialshad proven
theerror isinthe order of millimeters[6]. In additionto therigid
probe, flexible intraoperative ultrasound probes have also been
attempted to be robotized. In contrast to rigid probes, flexible
probes are soft and bendabl e and pass through the body’ s natural
orifices for examination and procedure guidance. Some flexible
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probesinclude manual controlsfor thedistal end, i.e., the probe
tip where the transducer is located. This allows the probe tip
to bend relative to the long axis through cable-or wire-driven
continuum mechanisms. An example of robotizing this type of
probe can be found in the work of Loschak et a. The work
presented an add-on four-DOF robot that can hold and manip-
ulate an ICE catheter remotely [7]. This article series’ focus
was on intelligent control and navigation, e.g., auto-sweeping
of multiple image planes for three-dimensional reconstruction
and the automatic pointing at and imaging of targetsviatracking
and feedback control [8], [9].

The work of our group over the past few years has created
the first trans-esophageal ultrasound robot [10] and proposed
the semiautomated acquisition methodology that works with
the robot [11], [12]. The overall goa was to automate TEE,
a common diagnostic method for diagnosing heart disease and
guiding cardiac surgical treatments. The work was motivated
by the fact that the operator is required to manually hold and
manipulate the TEE probe on site, which exposes them to
the accompanying X-ray fluoroscopy imaging. The protection
apronsare heavy and can potentially cause orthopedicinjuriesto
the operator. Evidence suggests that up to 10% of the radiation
from X-ray is still able to pass through the shielding [13]. In
addition, on-site operation limits the wider utilization of this
highly experience-dependent technique, as the need for highly
speciaized skills is always a barrier to the reliable acquisition
of ultrasound. Thus, robot-assisted transesophageal ultrasound
could revolutionize existing clinical practices and effectively
enhance the scope of application of this device. It can keep
operators away from radiation and avoid wearing heavy pro-
tective clothing, and it can also enable telemedicine for remote
ultrasound and alleviate the strain on medical resources.

Despite the extensive work we have done around the TEE
robot, there are still many issues with this technology toward
clinical tranglation. First, our first-generation prototype has sev-
eral problems with mechanism design and mechatronic integra-
tion, e.g., the lack of closed-loop control at the motor level and
the lack of constraints on the delivery of flexible endoscopic
structures at the mechanism level. Second, our first-generation
prototype does not have force sensing to monitor the contact
between the probe bend and the tissue, while the original probe
is tactile when operated manually by manipulating the hand-
wheels. Findly, neither our work for the TEE robot, nor the
aforementioned works for other intraoperative US robots, sys-
tematically discusses how to reasonably constrain contact forces
and how to achieve motion under a teleoperated master-slave
control architecture. Despitehaving alow clinical incidencerate,
complications have been widely reported [14]. These include
gastric complications due to forceful retrograde of the probe in
a flexion state, injuries to tissue outside the alimentary tract,
and compression injuries by the probe on the branches of the
posterior division of the recurrent laryngeal nerve.

The above deficiencies make it difficult to achieve clinica
translation of existingwork onthe TEE robot. Tofurther promote
the clinical use of this robot, the following issues need to be
addressed: the mechatronic design of the robot needs to be
upgraded to provide improved functions required for clinical
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use; the teleoperation-based master-slave control needs to be
investigated to ensure that the acquisition of ultrasound standard
views conforms to the existing operating habits under manual
operation of the conventional probe; and force control methods
need to beimplemented to reasonably constrain the contact force
and introduce backdrivability to the system. The solution to the
above problems will lay an important foundation for further
clinical testing of this robot.

In this article, we aim to propose a new mechatronic design
and implementation method for the TEE robot that is signif-
icantly improved over the first version regarding clinical use.
Moreover, motivated by the demands of ultrasound scanning, we
implemented an admittance-based master-salve control scheme
for the robotic endoscopic system to ensure safe interaction and
enable motion scaling. The controller would regul ate the contact
force between the probe tip and the tissue, slowing the increase
of the interaction force to ensure safety. It would also adjust
the scale of the motion when the probetip is subjected to exces-
sive external loads, alowing the user to adjust the ultrasound
plane more efficiently and intuitively. Furthermore, the con-
troller would also increase the backdrivability, avoiding injuries
to the esophagus wall and adjacent organs due to mishandling.
In the following sections, details of mechatronic design, remote
operation, control scheme, and aseriesof validation experiments
are to be presented.

Il. METHODS
A. Design and Implementation

A standard, manually-held commercial TEE probe is an
endoscopic-like device that has four degree-of-freedom (DOF)
mechanical motions operated by a trained sonographer. This
includesthetrand ation of the probe main body along the esoph-
agus and rotation around the long axis, as well as bending the
probe tip in both directions by controlling the two co-axial
handwheel sand theinternal cable-driven continuum mechanism
of the endoscope (see Fig. 1). By actively adjusting the end of
the probe, the orientation of the ultrasound transducer can be
controlled to examine the heart from different perspectives. Ad-
ditionally, by operating two buttons on the probe or the software
ontheUS machine, the electronic steering of the USbeam can be
achieved. This can be considered an additional DOF to control
the US image plane, although it is not essentially necessary to
be replaced mechanically when converting the hand-held probe
to amotorized system.

In the proposed add-on robot, four major mechanical DOFs
are motorized with customized mechanisms to manipulate a
widely used Philips TEE probe (x7-2t, Philips, The Nether-
lands). For probes from other manufacturers, the corresponding
mechanisms can be slightly adjusted to mate with the shape. As
showninFig. 1, therobot hasaset of handle control mechanisms
to allow the trandation, rotation, and bidirectional bending of
the probe tip. These mechanisms are designed into a single unit
with load-bearing supporting structures, e.g., the inner sleeve,
housing, and bracket.

To control the rotation of the probe handle, the probe is fixed
ontheinner sleeve by the handle placement slot. Theinner sleeve
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Fig. 1. Schematic representation of the original transesophageal ultra-
sound probe and the proposed four-DOF add-on robot.

is supported in the housing by the miniature bearing distributed
around the sleeve shell. The inner sleeve and the housing can
producerelative rotation driven by the rotation motor. To control
the co-axial handwheel s, two gearsare specially shaped to match
and fixed to the handwheels. Two handwheel driving motorsare
mounted on both sides of the handle, and the two torque sensors
are mounted on the top and side of the handle. Spur and bevel
gear sets are used to transmit the motions and torques from the
drive motorsand torque sensors. Moreover, thehousing can slide
along the bracket driven by thetranslation motor. Therotation of
the translation motor istransferred viathe peripheral bevel gear
and the rack and pinion mechanism to provide linear movement.
Within this unit, the components are arranged in a symmetrical
configuration to ensure that the center of gravity of the robot
is located near the long axis, which can reduce the resistance
caused by gravity when the probe rotates.

In addition, a hyper-redundant passive positioning arm with
multiple discrete joints is utilized as the guiding mechanism to
constrain the endoscopic portion of the probe, asshowninFig. 2.
Thisisrequired to lead the probe from the robotic system to the
patient’s oral cavity, which guarantees the translational move-
ments of the robotic stage in driving the probe can be correctly
transferred to the movement of the probetip inside the patient’s
oral cavity and esophagus. The guiding mechanism iscomposed
of multiple links and joints. Each joint can be controlled man-
ually and rotated in two orthogonal directions. The length and
spacing of the guiding mechanism can be adjusted according
to the size and stiffness of the endoscopic portion of the probe.
The constraining jaw can rotate in two orthogonal directions
freely. By installing three universal balls, two DOFs that are
perpendicular to the translation direction are constrained. This
can effectively reduce the resistance caused by the deformation
of the tube. The gravity of the trandlation guiding mechanismis
balanced by the passive tandem mani pul ator, and theinflexibility
is maintained by the friction between the components.

Fig. 2.
nism.

Schematic representation of the translation guiding mecha-

Fig. 3. Implementation of the proposed transesophageal ultrasound
robot with the incorporation of its main body, mobile platform, passive
tandem manipulator, and the translation guiding mechanism.

Except for standardized parts, major mechanical components
were made via rapid prototyping. The robot’s main part has a
diameter of 160 mm and alength of 157 mm, while the bracket
has alength of 445 mm. The inner sleeve of the prototype robot
was made transparent to facilitate observation of the interna
condition, and the outer housing was separated into left and
right parts, restricted by the bracket. The implementation of
the proposed TEE robot, with the incorporation of its main
body, mobile platform, passive tandem manipulator, and the
trangdation guiding mechanism, is shown in Fig. 3. To help the
reader better understand our design or replicate the above robot,
wehave provided moredetail ed design drawingsand videoswith
motion animations and real-life shots of the robot’s actuation in
our supplementary materials. Additionally, an executable file
to show the drawing of the robot can be accessed from |IEEE
DataPort (doi: 10.21227/8shx-a970).
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Fig. 4.
board.

Implementation details of the electronics and the custom-made

B. Actuation and Remote Operation

In the proposed robot, four newly released all-in-one servo
motors (RMD-L-4010, MyActuator Co., Ltd., Kunshan, China)
with built-in drive and encoder are used for actuation. The motor
is made with a brushless structure and can switch between
open-loop, speed, and position control modes. Thisis regulated
and can be programmed by the embedded chip on the drive
(32-bit MCU, 72 MHz). Thetorque sensor (WTN-56, WEABU
Electronics Technology Co., Ltd., Dongguan, China) is based
on a bridge strain gauge, which has a measurement range of
—0.3 to 0.3 N-m. In addition to the off-the-shelf components,
a custom-designed circuit board (70 mm x 68 mm) is uti-
lized for the remote operation. As shown in Fig. 4, the board
includes a main control chip, a power regulating module, a
voltage amplifier module, a CAN transceiver module, and a
communication module. The main control chip is based on the
STM32F407 series (Cortex-M4 core, 168 MHz, STMicroelec-
tronics, Switzerland) and the communi cation moduleisbased on
aTTL-WIFI communication module (DT-06, Shenzhen Doctors
of Intelligence & Technology Co., Ltd., Shenzhen, China).

The WiF module enables transmission between serial and
WiFi and can be easily configured with the built-in HTTP web
server. With further developments, the TEE robot can work in
two different modes. In the station mode, the robot can connect
to a WiFi network, e.g., one created by the wireless router or
a 5G hotpot. In the access point mode, the robot can create its
own network and have other devices connect to it. The basic
master-slave control is achieved with the use of a gamepad.
The gamepad is connected to the PC with 2.4G wireless com-
munication, allowing for position input from the sonographer
and vibration feedback from the torque sensors of the robot.
The overall remote-control scheme isillustrated in Fig. 5. The
proposed robotic TEE probe could potentially incorporate the
following scenarios using the proposed architecture.

1) Therobot isinthe operating room, and the sonographer is
inthecontrol room next door. A local areanetwork (LAN)
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Fig. 5. Schematic diagram showing the remote operation of the robot.

is required for the operator to remotely control the robot
and stream the ultrasound images.

2) Thesonographer canwork inavariety of settings, includ-
ing hospitals, outpatient clinics, and private homes. Both
theinput devices and the robot are connected to the wide
area network (WAN), and data can be transferred via the
remote server.

C. Force and Motion Control

Theforce and motion control studied inthisarticleisstrongly
motivated by the clinical demands when controlling the TEE
robot for cardiac diagnosis. The search for standard ultra-
sound views with featured anatomical structures is the most
important process of the ultrasound acquisition process. For
transesophageal ultrasound acquisition, the image is what the
physicianintendsand isdetermined by the pose of theprobe. The
control of the probetiplocation during this processisdetermined
by the sonographer based on visual feedback from the image,
while the speed of the probe movement and its response to
contact force are primarily determined by the physician’s sense
of control of the handwheel. Specifically, the contact force at
the probe tip is transmitted to the handwheel viathe continuum
mechanism, and the physician is able to sense this during the
manipulation of the handwheel. A natural operation is for the
physician to reduce the handwheel rotation speed as the contact
force increases, avoiding excessive contact force that can cause
injury to soft tissue. Moreover, when the contact forceishigh, it
meansthat the physician hasfound the desired view and isready
to improve the quality by fine tuning. This requires a function
of motion scaling by reducing the handwheel rotation speed.
Considering that this type of clinical operation is performed at
alow speed in a quasi-static process, the effect of acceleration
is not significant.

When a robot is used to replace a physician to manipulate
the TEE probe, it is necessary to have a similar response to
the active operation of a physician and the perceived contact
force. For medica robots, impedance and admittance-based
control are widely used approaches [15], [16], [17]. For TEE
acquisition, probe position is the critical element to search
for the standard view and maintain image stability, while the
contact force is also important to ensure the image quality and
avoid tissue injury. Taking these demands into consideration,
admittance-based control was investigated in our study, i.e., by
measuring the interaction force with the patient, the execution
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of the physician’s operation can be changed through a virtual
dynamics model to achieve preferred interaction responsive
behavior. In this article, we focus on bidirectional bending of
the probe tip and use the idea of admittance control to allow
the robot’s active velocity control based on force feedback by
setting up a virtual dynamic model that meets the needs of
clinical operation, which would coordinate with the position
control dominated by the physician’s master-slave operation.

Theactive control under force monitoring when the physician
isactively operating the bending of the probe can be divided into
three stages.

1) The probe tip can move freely if the contact torque is
insignificant and less than the first threshold.

2) The probe tip moves in a constrained manner when the
contact torque is between the first and second thresholds,
indicating that the contact force has increased but is still
acceptable.

3) Theprobetipwill be prevented from moving further if the
contact torque exceeds the second threshold, indicating
that the contact force is excessive.

In addition, compliance and backdrivability are the other
considerationsof the passive control scheme. Thisoccursmainly
when the physician is not actively controlling the bending of the
probe. For example, one of the most common processesthat can
result in tissue injury in manua operation is when the probe
tip enters the stomach and bends, and the physician forgets to
recover the bend and pulls out the probe. In order to avoid such
asituation, adifferent virtual dynamics model isused, whichis
expected to result in a passive force on the probe that reverses
the rotation and changes the speed depending on the interaction
force when the physician does not actively control the probe
bending.

As a summary, the aims of the control are as follows: to
respond to the speed input and scal e down the motion according
to the contact force, allowing the user to adjust the ultrasound
view more efficiently; to regulate the contact force between the
probe tip and the tissue, slowing the increase of the interaction
force via speed control to ensure safety; and to increase the
backdrivability when the probe tip is not in active control,
avoiding injuriesto the esophagus wall and adjacent organs due
to mishandling. The proposed control architecture, acting on
the joint space of each bending axis, is shown in Fig. 6. The
conversion between the active force-regulated controller and
the passive back-driving controller is realized via monitoring
whether there are inputs from the sonographer.

If the bidirectional bending isactively operated by the sonog-
rapher, then the position control isachieved by atypical master-
dave configuration. The state of the probe handle 8, is decided
by the sonographer. 8, € R**! expressesthe current joint space
parameters of the probe handle

0 = [0a,0,,0,,1]" (1)

where §,,60,,0, and | € R denote the angles of handwheel for
anteflex-retroflex bending (ARB) and | eft-right bending (LRB),
the angle of handle rotation and the trandation of handle,
respectively. After a differential process, the expected speed
change in the joint coordinate system A6 is sent to the robot

Fig. 6. Diagram of the virtual admittance control scheme under the
active force-regulated and passive back-driving modes.

to avoid motion discontinuity caused by communication lags
under angle control. By using a standard proportion integration
differentiation (PID) controller embedded in the servo motors
and one integral unit, the speed converts to the angle of each
motor

Y = [Ya, Yo, Y, 1] 2

where v, ¥y, 1, and ¢, are the motor angles for ARB, LRB,
rotation, and translation, respectively. The P and | parameters
in the motor are set to 255 and 5, respectively. The differ-
ential parameter is determined by the controller of the motor
autonomously. The decoupling process can be expressed as

0=v()y @)
ic, 0 0 O
o, 0 0

v() ~— 10 0 ir 0 (4)
0 0 44 1

wherei,, i, i,-, and 7; are the transmission ratio from motors to
handlein ARB, LRB, rotation, andtranslation, i,; isthecoupling
speed ratio from the rotation to the translation motor. The above
parameters are related to the mechanical structure of the robot.
In the prototype proposed in this article, the i, iy, i, 7, and i,
are 1/6, 1/6, 1/5, 0.206, and 1, respectively.

The current joint space parameters 6 fed back to the angle
control and result in the motion of the probe tip in cartesian
space via the robot’s forward kinematic model A(-)

X(: = h(9a79b707'71) (5)

where X, € R***isthe poseand position of the probetip repre-
sented by homogeneous matrix [ 10]. Theinteraction of the probe
tip with the tissueisreflected by the environmental stiffnessand
ends up with the output ultrasound view and the contact force.
The ultrasound view is feedback to the sonographer to guide the
further adjustment. Meanwhile, the speed regulation based on
the contact forceis performed by therobot itself simultaneously.

The force mapping model is the relationship of the contact
force from cartesian space to joint space, which isrelated to the
internal structureof the TEE probe. Considering thecable-driven
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continuum structure [18] and the decoupling characteristics
between the DOFs of the TEE probe, the controller was im-
plemented in joint space. When in action, the speed regulation
is executed on the joint velocity as

U= Y(To) (6)
T,=T.-T, M

where T, is the measured torque on the handwheel, 7. is the
torque resulting from the resistance force on the cable, and 7,
is the corrected torque, which is positively correlated with the
contact force between the end of the probe and thetissue. While
T, can be measured in real time, 7T;. is decided by the character-
istics of the internal cable-driven continuum mechanism of the
TEE probe. We denote this asthe kinetostatic model ¢(-), which
refers to the corresponding forces that are required to perform
the predefined bending motion.

Directly modeling ¢(-) is difficult as the continuum mech-
anism parameters, e.g., modulus of elasticity, moment of the
cross section of the coil part total, number of coils of the helical
structure, and the coil diameter of the flexible joint, are all
unknown for a commercial TEE probe. However, according to
the principle of continuum mechanism, g(-) should be related to
thejoint parameters and the different tube shape configurations
[19], i.e., the bending angle of theflexible part of the endoscope.
Therefore, a data-based method can be used to estimate g(+).
Polynomial is awidely used and efficient data fitting function.
Inthisarticle, polynomial functionsof different orderswereused
for fitting to evaluate their performances. Piecewise fitting was
also considered for simplifying the model and improving the
accuracy. In addition, a multilayer perceptron (MLP) network
was implemented to fit the data for comparison. A simple
and effective function would be finally selected for g(-) and
further robot control. With both 7. and 7. available, the virtual
admittance is defined based on the control state. For the virtual
admittance when the sonographer is in action, i.e., actively
controlling the bending

0 ) To < Tl
T,—T%)? :
v()={ (B -1)ae | n<T,<n (9
— A8 , T, > 1>

where Y is the speed attenuation value, 77 and T is the torque
thresholds at different stages. In thisarticle, aquadratic polyno-
mial is used to realize motion scaling. 71 and T3 are 0.05 and
0.35 N-m, respectively.

When the sonographer is not in action, the expected angle
0, is equa to the current angle 6 and A8 is zero. The robot
performs autonomous back-driving according to another virtual
admittance to ensure safety

Vv

! e —
Y= 1+ e F(To-T5)

)
where Y’ isthe back-drive speed. A sigmoid function is used to
guarantee the continuity and smoothness of the speed. V', k&, and
T3 are the parameters to regul ate the back-drive characteristic.
V' is the maximum speed, £ is the coefficient to adjust the
equivalent acceleration, and 73 is related to the critical torque.
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Fig. 7. Proposed virtual admittance for the controller. (a) Active state
when the sonographer is in action and (b) passive state when there is
no input.

Fig. 8.
robot.

Experimental setup for the accuracy test for each axis of the

V, k and T3 are 50°/s, 85, and 0.17 N-m in this article. Due
to the different direction of internal sliding friction increment
of cable under active bending and passive back-driving, the
contact force transmission model from cartesian space to joint
space is different. Under the same probe tip contact force, the
torque perceived on the handwheel islower under back-driving.
Therefore, the set critical torque under back-driving mode is
lower than under master-slave mode.

The designed virtual admittance isillustrated in Fig. 7, rep-
resenting the expected dynamics based on the abovementioned
clinical needs. In the state where the sonographer has active
input for bending, the response function of the virtual admit-
tanceis characterized in terms of speed attenuation because the
overall speed can a so beregulated by the physician. In the state
when there is no input for bending, the speed is set to specific
values.

I1l. EXPERIMENTAL VALIDATION
A. Accuracy

This section aims to perform the foundational measurements
to assess the positioning accuracy of the robot. Since the error
caused by theinternal continuum mechanism of the commercial
TEE probe cannot be eliminated, the accuracy assessment fo-
cused on theimpact of therobot structure and basic motor actua-
tion. Inthe experiment, four DOFs of therobot weretested using
the experimental setup shown in Fig. 8. During the experiment,
the respective mechanisms were connected to an independent
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Fig. 10. Experimental setup to validate the compliance and backdriv-
ability.

Fig. 9. Experimental setup to validate the force regulation and motion

scaling. probe tip actively bends, while at the same time accurately

angular or trandational sensor. Theinput isthe joint parameters
sent to the robot, while the output is the values detected by
the attached independent sensors, which are the corresponding
handwheel rotation anglesfor left-right and ARB, the actuation
angle of theinner sleevefor rotation, and the displacement of the
bracket for translation. The motor movement adopted a cyclic
method, including both forward and reverse motions, to obtain
the overall accuracy performance of the robot.

B. Telecommunication

This section aims to test the latency under both LAN and
WAN conditions. During the LAN experiment process, the host
PC connected to the WiFi and set up the server. The Wik module
utilized in the robot established a client and tried to connect to
the server. The experimental condition was that the computer
was 10 meters away from the WiFi module, replicating the
two-way communication condition between the operating room
and the surgical room. After the connection was established,
the host sent out the test data and recorded the current time.
The data was transferred to the WiFi module and was sent
to an additional slave PC via the seria port. Then, the data
was returned back to the host, and the host would record the
receiving time after performing data verification. During the
WAN experiment process, the WiFi module was connected to
a 5G hotspot, established a client and tried to connect to the
remoteserver. Thedatatransmitted to theremote server would be
transferred directly to the host. The procedure of the experiment
was the same as for the LAN experiment.

C. Force Regulation and Motion Scaling

This section aims to present the experimental validation
method to test the proposed controller regarding the force reg-
ulation and motion scaling, referred to the admittance control
method presented in Section 11-C. To simulate the force inter-
action between the probe tip and the surrounding tissue, e.g.,
the esophagus wall, a passive loading mechanism (see Fig. 9)
with a revolute joint, a spring, and a force sensor (six-axis,
M3552B, Sunrise Instruments, Shanghai, China) was designed.
The force sensor was fixed at the tip of the probe. One end
of the mechanism was connected to the spring tension device,
and an angulation sensor was fixed onto the robot to detect the
joint motion output, i.e., the handwheel’s rotation angle. This
mechanism, with the probe distal end inserted, was to simulate
the effect that the tip contact force would increase when the

measuring the force with the mounted force sensor. During the
experiment, we used the ARB axisto validate the controller. The
handwheel was actuated robotically to bend the probe tip at a
constant input speed. With the interaction force increasing, the
admittance controller will regulate the speed, which will then
influence the increasing ratio of the force and cause the effect of
motion scaling. The output joint motion and torque, along with
thetipforce, wererecorded during the experiment. Furthermore,
to demonstrate the effect of the controller, acomparative experi-
ment with no control was performed. The datawas recorded for
anaysis.

D. Compliance and Backdrivability

This section aims to present the experimental validation
method to test the proposed controller regarding the compli-
ance and backdrivability, referred to the admittance control
method presented in Section I1-C. This controller is designed
to introduce compliance to the probe tip when the sonographer
is not actively controlling the bending motion, improving the
safety of interaction, and avoiding potential mishandling. To
passively introduce external forces to the probe tip, eg., to
simulate retracting the probe when it is in the stomach and
already bent, an active loading mechanism (see Fig. 10) with
arevolute joint, a string, and a force sensor was designed. The
force sensor was fixed at the tip of the probe. The mechanism
can be actuated with weights applied to the string, and the joint
motion output wasdetected by recording thecorresponding drive
motor angle. Thismechanism, with the probedistal end inserted,
was to simulate the effect that the external force has applied
to the probe tip while the prabe tip is not actively controlled.
During the experiment, the probe tip was bent first, and a
weight was applied and then rel eased from the mechanism. With
the interaction force increasing, the admittance controller will
reverse the joint motion while regulating the speed, which will
then introduce the compliance and achieve backdrivability. The
output joint motion and torque, along with the applied tip force,
were recorded during the experiment. The datawas recorded for
further analysis.

IV. RESULTS

A. Accuracy

The experimental results of the accuracy test are shown in
Fig. 11. Themotion errorsof the ARB, LRB, rotation, and trans-
lation, expressed as the absolute mean and standard deviation,
are: 0.374+0.42°; 0.17+0.21°; 0.124+-0.15°; and 0.82-£0.86 mm,
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Fig. 11. Accuracy test results for the four axes of the robot.
Fig. 12. Latency test results of the telecommunication under remote
operation.

respectively. Since the above accuracy test was done by cyclic
reciprocating motion, Fig. 11 also shows the hysteresis effect
caused by the mechanism itself. It can be seen that the errors
and hysteresiseffects of the LRB and rotation axesarerelatively
small, while the ARB and trandlation axes exhibit relatively
larger motion errors and more obvious hysteresis effects.

B. Telecommunication

Communication latency tests with ten thousand samples of
data were performed. The recorded communication delay his-
togram is shown in Fig. 12. The experimental results in LAN
show that the mean latency is 30 ms, the maximum value is
4.75 s, and the minimum value is 6.2 ms. 99.44% of the results
arelessthan 500 msand 90% of theresultsarebelow 41 ms. The
experimental results under WAN show that the average latency
is153 ms. Themaximum valueis 3.01 s, and the minimum value
is81.7 ms. 97.6% of theresults are less than 500 ms and 90% of
theresults are below 224 ms. It should be noted that the test data
isthe delay of two-way communication. When considering the
one-way transmission delay between the master and the slave
devices, thelatency ishalf of the value theoretically. Theresults
of the communi cation experiments show that the overall latency
for telecommunication is not significant considering the TEE
acquisitionisnon-invasive, though thereareminor lagsthat need
to be optimized.

IEEE/ASME TRANSACTIONS ON MECHATRONICS

Fig. 13.  Kinetostatic behavior of the probe’s internal continuum mech-
anism. (a) Anteflex-retroflex bending ARBand (b) left-right bending axes,
tested with different speeds and probe shape configurations.

C. Internal Resistance Calibration

The measurement outcomes of the kinetostatic behavior of
the probe’sinternal continuum mechanism, i.e., the relationship
between the driving torque of the handwheels and the rotation
angle executed at different speedsand with different probe shape
configurations, are shown in Fig. 13.

Overall, the above T-D relationship demonstrates a clear
hysteresis performance, i.e., the resistance to be overcome to
produce motion varies for the same handwheel rotation angle
as the handwheel is turned forward and backward. We further
analyzed this kinetostatic characterization from different per-
spectives. Theexampl e of repeatability testing demonstratesthat
thecharacteristicsduring probebending arehighly reproducible.
The characteristics at different knob speeds also indicate that
there is no significant difference at different speeds. Addition-
aly, the crosstalk effect was also investigated with the results
shown in Fig. 13. It can be found that the motion of the LRB
in the nonlimit position has no significant effect on the required
actuation torque of the ARB, and vice versa. However, as shown
in Fig. 13, under different tube shape configurations, there are
somechangesintheinternal actuation torgque. Inthisexperiment,
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TABLE |
COMPARISON OF DIFFERENT FITTING MODELS
ARB standard error LRB standard error
(Nm) (Nm)

Quadratic polynomial 5.233x 103 243 %103
Cubic polynomial 4174 x 1073 2.085 % 1073
Quartic polynomial 3.767 x 1073 1.993 x 1073
Quintic polynomial 3.594 x 1073 1.942 x 103
Six-time Polynomial 3.507 x 1073 1.907 x 103
MLP Network 3.084 x 1073 2.423 x 1073

shape configurations with the tube bent at approximately 0° and
180° were tested.

Considering the above experimental measurements, we mod-
eled the kinetostatic effect of the probe by fitting five polynomial
functions of different ordersand afour-layer MLP network. The
piecewise fitting strategy was used to determine the variation of
internal resistance characteristics for the polynomial functions.
The number of nodesin each layer of the network is2, 5, 10, 10,
1. Thetraining sampleislessthan 250 setsof data. Thebatch size
is32. Thelearning rateis0.008 and it changesto 0.001 when the
loss for abatch size islower than 2 x 10~°. The training times
are one hundred thousand. The comparison of different fitting
model standard errorsisgivenin Tablel.

By analyzing the data, the fitting standard error was found
to be less than 1% of the entire range when the order of
polynomial is greater than two. According to the results of
ARB and LRB, the speed of the decreases for standard error
slows down gradually when exceeding the cubic polynomial.
In this article, considering the simplification and precision of
fitting function, a cubic polynomial isused to model theinternal
resistance characteristics, which is expressed as

g() =al®+b0* + ch +d (10)

where 6 is the angle of handwheel, a, b, ¢, and d are the
coefficients to be fitted. Due to the change of internal resis-
tance resulting from different angle configurations of the tube, a
quadratic polynomial compound function related to tube angle
and handwheel angleisused for compensation. Thekinetostatic
model g(-) is

g()=g'()+ (f*+gv) (0 +e) (11)

where ¢ isthe tube-configurated angle and e, f, g are the coeffi-
cientsto befitted. Table |l givesthe values of fitting parameters.
Thefitting results under different tube configurations are shown
inFig. 14.

D. Motion Scaling and Force Regulation

The results of the action of the admittance control on the
motion and force are shown in Fig. 15. The control group only
uses position control mode. For the regul ation of the handwheel
rotation speed, Fig. 15(a) shows the variation of the handwheel
angle with time, and it can be seen that the growth rate is
gradually decreasing in the experimental group. Theincreasein
time corresponds to the change in the contact force. Fig. 15(b)
further shows the relationship between the handwheel rotation
speed and the measured torque. Compared with the designed
virtual model, the measured torque-velocity curve shows the

Fig. 14. Calibration results of the internal resistance of the probe’s
mechanisms.

Fig. 15. Experimental results of the motion scaling and force regula-
tion. (a) Handwheel motion regulation, (b) Handwheel speed regulation.
(c) Handwheel torque regulation. (d) Probe tip force regulation.

same trend as the preset model, although the specific measured
value of the velocity change differs from the preset. In general,
when the contact force is small, the speed remains unchanged.
Whenthe contact forcereachesthefirst threshol d, the handwheel
rotation speed starts to decrease, which will realize the desired
motion scaling effect. Thiswill allow the operator to adjust the
position of the probewith higher precisiontofind theoptimal US
view. Fig. 15(c) and (d) showstheresults of theforce regulation.
The perceived torque on the handwheel and the contact force at
the tip show alinear increase when the admittance controller is
not active. With the virtual dynamics model enabled using the
admittance control, the growth rate of both the contact force and
the torque on the handwheel gradually decreases and tends to
zero. Thiswill allow a safe interaction between the probe and
thetissue.

E. Backdrivability and Compliance

Theresultsof theaction of theadmittance control on backdriv-
ability and compliance are shown in Fig. 16. The control group
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TABLE Il
PARAMETERS USED IN THE FITTED KINETOSTATIC MODEL
Section Angle range (°) a b c d e f g
(1) (-56, -40) -4.336x10°  —6.107 x 107 —2.866 x 10! —4.282 0 -48x10%  -52x10*
) (-40, 0) -1.258x 1076 2.377 x 10° —-6.791x 10 4.914 x 107 0 -48x10%  -52x10*
(3) (0,34) -1.258%x 1076 2.377 x 10° —-6.791x 10 4.914 x 107 0 0 0
4) (34, 100) 2.662 x 108 -5.81x 10  —4.703x10* 5316 x 107 -34 -L.6x10%  5.6% 10
(5) (-50, 13) —8.707x 1077  —4.805x10°  —4.784x10* —1.456 x 102 0 0 0
(6) (13, 100) —1.517x 1077 2.034 x 103 —2903x10°  1.35x 1072 -13 -6 x 10 3% 10+
(7) (-55,0) 1.79 x 1077 3.257 x 107 -9.139 x 10*  2.792 x 10 0 0 -1x 107
(8) 0,17.3) 1.79 x 1077 3.257 x 107 -9.139x 10*  2.792 x 10 0 0 0
) (17.3,55) —4.41x 108 -8191x10°  —-111x103  3.794 x 107 0 0 0
(10) (-55,6) -3857x1077 -118x107%  -7.295x107*  -4.193 x 107 0 0 0
(11) (6, 55) -2.907 x1077  1.379 x 107 -3.07x1073 8.21 x 1073 -6 0 -1.2x 1073
tandem manipulator, and a hyper-redundant passive guiding
mechanism. In terms of its flexibility in practical use, this is
amajor improvement over our previous system reported in [10].
Furthermore, to provide safeinteraction and motion scaling, we
established an admittance-based master-salve control scheme,
which was prompted by the demands of remote-operated ul-
trasound scanning. The controller would regulate the contact
force between the probe tip and the tissue, slowing the increase
of the interaction force to ensure safety. When the probe tip
is subjected to high external loads, it adjusts the scale of the
motion, alowing the user to alter the ultrasound plane more
efficiently and intuitively. In addition, the controller would
improve backdrivability, preventing mishandled injuries to the
tissue. To our knowledge, our work isthefirst to investigatethese
important i ssues, provide domai n knowledge-based sol utionsfor
force regulation and motion scaling, and systematically report
Fig. 16. Experimental results of the backdrivability and compliance. the experimental resultsfor an add-onintra-operative ultrasound

(a) Handwheel motion regulation. (b) Handwheel speed regulation.
(c) Handwheel torque regulation. (d) Probe tip force regulation.

only uses position control mode. The effect of backdrivability
is illustrated by the responsive change in handwheel rotation
angle over time, asshown in Fig. 16(a). According to the virtual
dynamicsof thisstate, theincreasein passiveforcewould lead to
anincrease in reversal speed, which is verified by the measured
results, as shown in Fig. 16(b). This process dynamically regu-
latestherel ationship between contact forceand reversal speedto
achievethe change of compliance and backdrivability. When the
passive force acting on the end of the bent probe exceeds the set
threshold, the admittance controller starts to regulate the probe
speed and drives the handwhee! into reverse. Compared with the
control group, it can befound that the admittance controller pro-
posed inthisarticle can effectively introduce compliance to both
the handwheel and the probetip, as shownin Fig. 16(c) and (d).

V. DISCUSSIONS

This article introduces the design of an add-on robotic sys-
tem to assist transesophagea ultrasound acquisition with a
four-DOF main actuation unit, a mobile platform, a passive

robot, when compared with the existing works [7], [10], [20],
[21].

As can be seen from the experimental results of the accuracy
test, the ARB and trandlation axes exhibit relatively larger mo-
tion errors and more obvious hysteresis effects. This is mainly
due to the imperfection of the mechanical structure. The main
reasons are the internal clearance and material deformation of
the mechanism. More specifically, the main reasonsfor the ARB
axis are the backlash and deformation due to the fixation of the
drive gear shaft, aswell asthe gap between the probe handwheel
and the force sensor engagement gear. The main reason for the
error in the trandlation axis is the gap caused by the gear-rack
meshing. The above problems can be optimized by improving
theintegrated design of thedrive chain, adjusting thegear design
parameters, including the error compensation function in the
software, and adjusting the handle fixing structure.

The experimental resultsrelated to the admittance control are
in accordance with the model expectations and can meet the
required capabilities of force constraints, motion scaling, and
backdrivability with and without inputs from the physician. The
active controller meets the expected performance in that it will
slow the increase of the interaction force to ensure safety when
pressurizing the tissue and slow the drive speed when contact
forceincreasesto allow the sonographer to adjust the position of
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the probewith higher precision. The passive controller meetsthe
expected performance that it will introduce active compliance
and allow backdrivability of the probe tip when it is subjected
to external force, e.g., forcefully retract the probe tip from the
stomach when it is already bent.

Specific analysis of the results reveals that the actual con-
trolled speed is always less than the set speed, and the error gets
larger as the handwheel torque increases. The possible reason
isthat the PID controller used for the motor speed regulation is
till not the best, which makes the output speed lower than the
set speed when it is subjected to external forces. Our futurework
will further optimize the motor control to achieve abetter speed
following effect. In addition, we will aso consider predicting
the contact force at the probetip and using the force information
in Cartesian spaceto further improve the saf ety of the operation.
We will also consider designing a bespoke haptic input device
for more intuitive control.

VI. CONCLUSION

This article proposed a new design method for the trans-
esophageal ultrasound robot. The basic remote operation func-
tion was realized through a telecommunication architecture.
Considering human-machine collaboration and saf e interaction,
thisarticle also proposed avirtual admittance model for master-
dlave control and explored the force and velocity input-output
relationshipsto achi eve soft-smooth interaction, motion scaling,
and backdrivability. The above work has significantly improved
the usability of a transesophageal ultrasound robot and makes
this technology further conform to the control habits and oper-
ating intentions of ultrasound scanning.
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