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ABSTRACT

Magnetic robots show great potential for revolutionizing many aspects of medicine and clinical
applications. The human body is transparent to a low-frequency magnetic field. Generally, a low-
frequency is considered less than 300 Hz. Magnetic resonance imaging (MRI) systems typically use
a maximum slew rate of 200 mT/m/ms to limit the frequency. MRI is a powerful diagnostic modality
for interventions and surgeries. However, MRIs are not used for performing interventions because
the MRI has a very high magnetic field and is size constrained. The MRI opening is typically a
cylinder that is 30cm in diameter and must accommodate a patient, gradient coils, and the MRI bed.
This dissertation provides the design and implementation of a remotely-driven, MR-compatible
robotic manipulator, and a force transmission mechanism for controlling that robot.

Magnetism is also a promising modality for controlling robots. Magnetically actuated robots
could perform minimally invasive surgery. Such robots could be employed for many clinical and
biomedical applications, ranging from in vitro to in vivo applications of diagnosis and therapy.
Part two of this dissertation examines the control, design optimization, and applications of a spiral-
shaped magnetic robot. The primary application is focused on blood clot removal. For clot removal,
magnetic robots should be controlled and navigated in 3D environments. This requires control al-
gorithms for high accuracy path-following in 3D fluidic environments. The dissertation provides
frameworks, design concepts, and control theories for accurate control during blood clot removal.
A further change for clot removal is that the clots are removed deep inside the human body. These
areas are not visible to cameras, so control of the robots requires imaging techniques. This disserta-
tion presents a process using an ultrasound scanner mounted on a six-axis robot arm to image and
tracking the 6 mm long by 2.5 mm diameter magnetic swimmer as it moving in models of human

vasculature.
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1 INTRODUCTION

One-DoF manipulator

Optical encoders

Figure 1: (a) and (b) illustrates the solid medium transmission (SMT). (c) shows a milli-scale mag-
netic swimmer.

This dissertation investigates two methods for the control of magnetic robots. Figure 1 (a) and
(b) shows on left, a solid medium transmission (SMT). SMT is a technology used to use a normal
electric motor outside an MRI to actuate a mechanism inside the bore of an MRI scanner. The first
half of this dissertation (chapter 1-4) covers SMT robots. Figure 1 (c) shows a milli-scale magnetic
swimmer, a 6 mm long device that, when immersed in liquid, and subjected to a rotating magnetic

field, will propel itself through the liquid.

1.1 Motivations and Objectives

Untethered mobile milli- and micro-robots have great potential value in the aspects of health-
care, bioengineering, and medical applications. Untethered milli- and micro-robots are especially
promising approaches for biological and medical tasks. Their size enables them to access milli-scale
regions; the lack of tether enables them to reach remote locations. The robots can be equipped with
a wide range of end-effectors to enable many functions.

They have many potential applications that include blood clot removal, cell manipulation, ac-
tive disease diagnosis imaging, drug delivery, mobile in-situ sensing, targeted therapy, minimally
invasive or non-invasive surgical interventions, and more. There are two major approaches for de-
signing, fabricating, and controlling untethered mobile small-scale robots. Our work mainly focuses

on the off-board approach:



1. On-board approach: The untethered miniature mobile robot is self-contained and self-propelled.

All functionalities to operate autonomously or with a remote mode are contained on-board.

2. Off-board approach: The untethered mobile milli/micro-robotic system is externally actuated,

sensed, controlled. Moreover, the robot is powered by external sources.

The two most significant active visual imaging methods for disease diagnosis are endoscopic
techniques and laparoscopic techniques. For example, in [1], a capsule milli-robot with an inte-
grated CMOS camera was proposed for actively imaging a 3D type stomach surface. A remote
magnetic manipulator actuated this capsule. This system was called a magnetically-actuated soft
capsule endoscope (MASCE). After patients swallow this device, it reaches its destination in the
stomach within a few seconds. The MASCE can be controlled by the external magnetic field to
perform simple movements such as rolling inside the stomach for navigation and position control.
Simultaneously, the MASCE can acquire images of the stomach’s 3D surface for diagnosis.

For mobile in-situ sensing, Ergeneman et al. conducted a preliminary study of a magnetically
controlled untethered magnetic micro-robot that could achieve optical oxygen sensing for intraoc-
ular measurements inside the eye [2]. This device enabled measurements at locations that are pro-
hibitively invasive to sense with laparoscopic techniques. The robot integrated an optical lumines-
cence sensor and a magnetic steering system.

Martel et al. designed a system using magnetic resonance imaging (MRI) to propel an untethered
micro-robot inside a living swine (in vivo) [3] in 2007. The navigation was guided by the MRI
imaging, but the MRI also provided the propulsive magnetic force to move a 1.5 mm diameter
ferromagnetic bead in the carotid artery of a living swine.

Targeted therapy (also called targeted drug delivery) is the task of bringing drug particles to the
desired location (and only to that location). Targeted drug delivery would enable using more smaller
quantities of more powerful drugs because the drugs are not distributed systemically but instead
are delivered directly to the target. A fast and reliable technique for targeted drug delivery could
revolutionize medicine. Mobile untethered milli-/micro-robots can release therapeutic, biological,
and chemical substances at a specific target location with precisely controlled amounts by externally

controlled mechanisms. Thus, potential side effects can be minimized because stronger amounts of



the substance could be delivered faster and more efficiently. Moreover, the recovery time cycle of
patients can be significantly shortened. Active capsule endoscopes were proposed to deliver drugs
in the GI tract using passive or active drug release methods in [4]. Remotely triggered drug release
mechanisms were described in [5]. Additionally, remote-controlled drug delivery using untethered
robots was shown in [6-8].

For many of these aforementioned potential applications, the micro-robots are driven by an
external control mechanism. Most groups have chosen to use an external magnetic field for the
external control mechanism. Of magnetic robots, magnetic helical-shaped robots are one of the most
well-known and well-researched untethered mobile magnetic milli-/micro-scale design concepts.
Many strategies and algorithms have been developed for fabrication, navigation, and control of the
helical robots, and these have been developed over a wide span of robot sizes from milli-scale to
nano-scale. Surveys and reviews of magnetic helical-shaped robots are presented in [9-11]. The
helical robots are designed with a spring-like tail, but the spiral-type helical magnetic robots are
a screw-like design. However, spiral-type helical magnetic robots have not been investigated or
explored as much as helical-shaped micro- and nano-robots. Because of their corkscrew shape,
spiral-type robots are suitable for drilling, grounding, and heating [12]. Moreover, most of the
current related works were focused on controlling an untethered robot in 2D environments. These
environments range from tubular channels with a few bifurcations to open areas to demonstrate 2D
motions. There have been few studies on control or on tracking performance in 3D environments. To
investigate magnetic swimmers, researchers have developed many external magnetic field systems.
The dominant form of magnetic systems in hospitals is MRI scanners. MRI has the potential to be a
reasonable external input platform for magnetic robot manipulation because an MRI can provide a
uniform magnetic field and provide precise 2D or 3D imaging feedback. However, to perform MRI-
guided intervention or minimally invasive surgery using a miniature magnetic robot as an integrated
surgery system is currently not feasible because of the MRI scanner’s narrow cylindrical chamber.
This narrow cylindrical core inside MRI scanners limits access to patients and therefore limits the
size of the robots that could be used. The strong magnetic field in and around the MRI place

additional limitations on the materials that can be used in an MRI-compatible robot. Moreover, the



robots must be made so that they do not interfere with the MRI scanner’s imaging techniques. MR-
compatible robotic manipulators and a teleoperate mechanical maneuver mechanism are needed to
address these limitations.

The objectives of this dissertation include the following aspects:
1. Exploring an MR compatible teleoperate mechanism for force transmission.

2. Proposing two MR-compatible manipulators and closed-loop positioning control for the ma-

nipulator actuated by the teleoperate transmission mechanism.
3. Demonstrate the lab-built magnetic platform for the control studies.
4. Design and optimize the mili-scale spiral-type swimmer for 3D navigation.

5. Explore the closed-loop control algorithms for 3D navigation on the spiral-type miniature

magnetic robot.
6. Investigate in vitro potential medical or biomedical applications.

7. Demonstrate the feasibility of using ultrasound as a feedback sensor and robot arm to carry

the ultrasound probe and track swimmer.

1.2 Dissertation Organization

The dissertation is arranged as follows: Chapter 2 presents the proposed teleoperate mechanical
maneuver mechanism for force transmission. The analysis of the ideal mathematical model and
the experimental results of the solid medium transmission’s key components are presented. Three
types of mechanisms for an MRI-compatible manipulator are proposed. The positioning control of
1D and 2D manipulators and MR compatibility of the first-generation 1D manipulator are demon-
strated. Chapter 3 presents the lab-built magnetic system’s mechanism, then investigates the design
optimization on a milli-scale spiral-type miniature magnetic robot and the 3D navigation perfor-
mance comparison of several proposed control methods. Chapter 4 analyses the preliminary study

and feasibility of using ultrasound as a feedback sensor and robot arm to carry the ultrasound probe



and track swimmer. Chapter 5 concludes the current results shown in the dissertation and discusses

the potential future works.



2 SOLID MEDIUM TRANSMISSION

2.1 Introduction

Magnetic resonance imaging (MRI) is one of the most powerful diagnostic clinical devices to
establish in pre-operative planning for interventions and surgeries. Because of the lack of ionizing
radiation, excellent soft-tissue contrast, and an internal coordinate system, MRI is also advanced and
developed for real-time inner operative guidance. Engineers and scientists have optimized mechani-
cal transmission systems for centuries. Examples of transmission mechanisms include cables, belts,
driveshafts, mechanical linkages, and fluidic power transmission systems, as indicated in [13-19].
Many of these mechanisms were a success of engineering optimization for particular applications
and tasks. However, every mechanism has both advantages and disadvantages. An advanced in-
ner MRI operative, MR-compatible robotic manipulators plus mechanisms have been proposed for
remotely operating interventional tools [20-24]. These techniques are proposed to address lim-
ited access to patients through a cylindrical chamber inside MRI scanners. These mechanisms and

manipulators must meet the following requirements:

1. It can operate inside a cylinder with a 60-70 cm diameter, including the patient lying on the

MRI scanner’s coach.

2. It can work in magnetic fields whose magnitude may go up to 3 Tesla and rapidly changing

magnetic field gradients from 40 mT/m/ms to 200 mT/m/ms).

3. Safety requirement.

4. It can not induce any imaging artifacts, such as distortion of the field gradients or production

of electromagnetic interference (EMI).

Becasue of the limited space inside the MRI scanners, most MR manipulators are invented by plac-
ing the power units or sources outside the gantry, which is away from the scanner’s isocenter, and
the manipulator of intervention is mounted by/on the patient. In this case, a transmission mechanism
is necessary to build the connection between the powering unit and the manipulator. The mechan-

ical drives are proposed in [25-28] and fluidic systems is demonstrated in [29-35]. Mechanical



approaches offered enhanced kinematic performance, and they are successfully employed for both
general and anatomy applications. Ultrasonic motors (USM) are generally used becasue of the high
resolution, nonmagnetic characteristic. Other advantages are linear or rotary motor structure and
have powerless braking. Fluidic transmissions were also studied as an alternative MR compatible
manipulation mechanisms, such as pneumatic transmission system [30-34] and hydraulic trans-
mission system [34,35]. They can offer a flexible conduit and can be made of nonmagnetic and
nonconductive materials. The PneuStep is one of the pioneer pneumatic stepper motor developed
for MR compatible manipulators [36]. Although all these works were proposed for MR compatible
manipulation, each actuation frame shows advantages and barriers. For example, most mechanical
approaches require a rigid structure and secured transmission routing. These limitations may be
suitable for the clinical applications of the prostate [29], breast [26], or brain [27]; however, a flex-
ible routing may be necessary for logistics furthermore ergonomics, for example, access to patient
crossing the obstructing arrangements in the MRI scanner room.

Becasue of the motor size and EMI, USM is normally placed at a distance away from the MRI
scanner’s isocenter. Thus, a structural provision or mechanical linkages is required for the connec-
tion [26,37]. The EMI produced by USM can cause 40%-60% reduction in SNR, which indicated
in [25,28,29,38-40]. it may be compensated by interleaving imaging and actuation [38], shield-
ing [28,40], and filtered drivers [39]. Alternatively, motors or power source should be placed out
of the scanner room to avoid EMI [25, 36, 39,41]. The direct-drive actuators show more reliable
kinematic performance in MR manipulation comparison study [41].

This section proposed an alternative mechanism called solid media transmission (SMT), a fluidic
actuator. Still, solid media, spheres interleaved with spacers, are filled in its conduits, as shown
in Fig. 2. Becasue it is a motor-based design, most hydraulic/pneumatic systems use ultrasonic
motors to achieve high efficiency and performance, which are more complicated and expensive,
while SMT using an EM motor. Additionally, SMT can avoid the leakage problem of the traditional
fluidic systems. The groundbreaking studies [42] illustrated the feasibility of SMT actuation with
an open-loop controller. Dr. Huang introduced force amplifiers and multi-port manifolds for the

SMT system [43].
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Figure 2: SMT schematics: (a) illustrates the pattern of SMT sphere packing. (b) illustrates the
combination of SMT using spacer and sphere. (c) shows the sphere zigzag packing pat-
tern. (d) presents sphere and spacer zigzag packing pattern. The spacers are hollow along
central axis and the spheres fit partly inside the spacer.

We previously published three papers within this context [42—44]about the solid media trans-
mission (SMT). The SMT transmission mechanism employs conduits filled with a force-transmitting
medium, and the tubes are flexible to be curved to route for transmission requirements. A one-DoF
SMT-actuated linear manipulator is mounted on a UR3 robot arm shown in Fig. 3. The robot arm
is utilized as fixed support to demonstrate the flexibility of SMT lines as similar to hydraulic hoses.
Repetitive elemental units or pairs ( spheres or pairs of spheres and spacers) were filled into the SMT
transmission line. And the units or pairs form a firm backbone, which is transversely self-adjustable
to fit the channels’ routing shape. SMT’s original motivation was to drive manipulators inside MRI
scanners to perform interventions [42,44,45]. As a mechanical aspect, these studies proved sat-

isfactory kinematic performance and MR compatibility for such potential applications. The SMT



system can offer high flexibility, scalability to meet the request of manipulators. All above men-
tioned preliminary works, including the force amplifiers and multi-port manifolds demonstrated
in [43], support the idea that the SMT system is a leakage-free, fluid-less yet fluidic-like system,

which may serve as an alternative transmission mechanism for other specialties.

;L One-DoF manipulator

Optical encoders

UR3

Figure 3: One-DoF manipulator driven by SMT mounted on an UR3 robot arm. The flexible trans-
mission lines can follow the robot arm’s movement moving from the left-side to the right-
side.

Because SMT is a recently proposed mechanism, the purpose of the first part of this section is
to examine the fundamental features of this undiscovered technique. In the following studies, we
firstly developed an ideal mathematical model for the SMT mechanism. Then we assessed the com-
mon physics properties such as friction, dimensions of componentry, and media packing patterns.
Experimental studies were concentrated on the closed-loop control of the SMT. It demonstrated the
ability for sub-millimeter accuracy with the challenge of achieving a steady media packing pattern.
The MR compatibility experiment studies were performed with a one degree-of-freedom (DoF)
SMT-compatible manipulator. We assessed this mechanism’s MR compatibility and the possibility

of using conventional EM motors inside an MRI scanner room. In the later section, the advanced



studies will be presented. The purpose of the second part is to demonstrate the design concepts of
1D and 2D positioning manipulator and verify the hypothesis proposed in [46]. A one-degree-of-
freedom manipulator with different combinations of spheres and conduits was utilized to validate
the theory that the materials and dimensions dominate the SMT performance. Experimental studies
were mainly performed with a proportional-integral (PI) controller for our 1D manipulator, and a

master-slave controller was employed for our 2D SMT-actuated manipulator.

2.2 SMT Backbone

The SMT mechanism is majorly composed of solid discrete media packing inside a transmission
conduit. The solid media packing pattern is illustrated in Fig. 2. The spheres are with a diameter
of Dgphere, spacers are with a length of Lgpacer, and the inner diameter of conduit is presented as
IDype. When the media is packed inside the conduit, they formed a zigzag pattern, and greatly
exaggerated schematics are shown in Fig. 2. There is a small gap between the spheres and tubing
walls in the real world, minimized by zigzagging. The packing pattern of SMT media is formed
by applying a force that tends to achieve the minimum compression ratio. The compression ratio is
defined as the horizontal distance between two spheres divided by the sphere diameter (i.e., the ratio
of (sphere; — sphere; ;). and Dgphere). In this way, the solid media are naturally arranged into this
zigzag pattern since the sphere diameter Dyphere should be less than the inner tubing diameter ID pe
to ensure all media can freely move forward and backward inside the conduit. Furthermore, the
ratio of IDype and Dgppere must not be as small as possible because it needs to prevent the packing
pattern that collapsing on itself and forming multiple points of contact. This allowable ratio is

IDtube \/g
—c(L,14+—]. Q8
Dsphere ( 2

The simplest pattern of SMT is to be only filled with spheres, and it can be driven by an extending
pushing rod through outside the conduit lumen. For the sphere-only case, when a driven force is

applied, the spheres are packed in a zigzag pattern. Fig. 2(a) shows the angle « between the central
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axis of the conduit and the center to the center vector of adjacent spheres, which is defined as

IDtube - Dsphere> (2)

« = arcsin
( D sphere

For the combination of spheres and spacers, the angle 6 is defined as the angle between the central
axis of the conduit and the center to the center vector of the adjacent spheres shown in Fig. 2(b),

which is

3)

0 — arcsin <IDtube - Dsphere> ‘

D sphere + Lspacer
Spacers increase the efficiency of force transmission. Comparing equation (2) with (3) shows that
lengthening the spacer reduces the angle between the axis of the channel and the center-to-center
line of the sphere, which means spacers reduce the magnitude of forces orthogonal to the pushing
direction and increase the force transmitted along the central axis of the tubing.

For a variety of MR compatible actuated devices, the SMT line must be routed from the power
source to the isocenter inside the scanner gantry and, thus, assume a curved posture. Packing ar-
rangements are different in straight and bent tubing. When spheres with cylindrical spacers are
used and pass through a curve, an additional important geometric feature is considered to avoid a
spacer binding or collide with the conduit wall. The bending radius Dyepg/2 of a given conduit with
diameter IDyp and the length Lgpacer 0f a spacer determines the maximum diameter Dgpacer Of the
spacer, which is the case that there is only one intersection point between the outline of a spacer and
the inner wall of tubbing. The simplified equation is

Dgpacer € [O, cos (arcsin ( Dbenfsf?btlf Th;)resphere>>

'(Dbend + IDtube - Dsphere) - (Dbend - IDtube)} .

“

Inside a bend, the SMT backbone arranges itself to minimize the compression ratio. As illus-
trated in Fig. 4, in an arc, the spheres are either all are pushed against the outer wall of the tube as
Fig. 4(b) or are in a pattern that zigzags parallel to the axis of curvature along the tube centerline as

Fig. 4(c). If the spheres are centered in the tube, the angle advanced along the bend from one sphere
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Compression Ratio

10 1.2 1.4 1.6 1.8
(d) IDtube/Dsphere

Figure 4: Compression ratios studies for tubing bend diameter Dyeng = 5 Dgphere: (a) Compression
ratio for IDwpe = Dgphere Shown with a black dot. (b) Compression ratio when spheres and
spacers are pushed to outside wall shown with a green triangle. (c) Compression ratio for
zigzag packing shown with a red star.

to the next is

2Dspher62> (5)

D be:nd2

B = arccos <1 —

When the spheres are all are pushed against the outer wall of the tubing, the angle advanced along

the bend from one sphere to the next is

(6)

2D spht:re2 >

v = arccos | 1 —
( (Dtube -D sphere + Dbend)z

and the compression ratio is

)

™[

m
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For the zigzag pattern, the angle advanced along the bend from one sphere to the next is

Dbcnd2 + 2(Dtube - 4)Dtube)
0 = arccos 8
< 2l)bendz ( )
and the compression ratio is
0
m= €))
B

For low ratios of % the spheres are pushed to the outside of the bend, and for high ratios
the spheres assume a zigzag pattern. The switch occurs when 7, equals 7;.

As shown in Fig. 4(a), when the ratio of IDype and Dgphere 18 One, the compression ratio is one.
When the compression ratio is less than the switching point, the packing pattern has the spheres

pushed to the outer rim of the tubing, as shown in Fig. 4(b). Beyond the switching point, spheres

and spacers form a zigzag pattern, as shown in Fig. 4(c).

2.3 Friction in the SMT Mechanism

Friction is commonly existing in all mechanical systems such as bearings, fluidic system cylin-
ders, and transmissions. Any two surfaces in relative movement with the physical interface can
also produce friction. For the SMT system, friction is the dominant reason for system delay and
force transmission deficiency. [43] demonstrated that when the mass of a solid media is relatively
small compared to physical forces, we can safely neglect the effect of gravity. Moreover, exper-
imental observations confirm that the spheres perform slide without any rolling movement in the
SMT mechanism studies (i.e., dimensions and materials). Hence, our model only considers sliding
spheres. In the ideal mathematical model, spacers and spheres are tightly connected and not con-
sidering deformation. This ideal friction model analyzes the system qualitatively, and we did not
consider the effect of the Coefficient of Friction (COF) difference. According to the prior work [13]
and considering the complexity of analyzing the entire SMT backbone in one calculation, we de-
composed the SMT backbone into an individual combination. Then we modeled the friction of the
whole backbone iteratively with a piecewise function. The entire process only considered Coulomb

friction.
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When Ngphere = 2, the center to center Euclidean distance Z of the two adjacent spheres is

Z = \/ 2D sphere(Lspacer + 1D tube) + Lgpacer —ID t2ube' (10)

The relationship between input and output force of two spheres is

; 1D

IDype — D
Fou(2) = Fiy (1 _ zﬂtbzph>

where p is the conduit friction coefficient. For a given length Lgyt of the SMT conduit, the least

number of spheres N gphere Which is needed to form a packed backbone is calculated by

L
Nsphere = SZMT- (12)

After assigning c equal to the right part of equation (5), now, the output force is

IDpe — DSPhere > Nsphere_2 ' (13)

FOut(Nsphere) =cC (1 - 7

The manually preload process allows representing the spacer and sphere as one rigid body. The
spacers between spheres can reduce the angle between the channel’s axis and the euclidian distance
between the center of two adjacent spheres when spheres are the only friction model components.
In an SMT system, normal forces only exist between spheres and the tubing against the conduit’s
inner wall. When the input force applies on the first ball, this force will be spread one by one. For
the special case, there is only one sphere in the conduit. The input force is nearly equal to the output
force. If there are only two-spheres in the conduit, it will form two contact surfaces, and two normal
forces exist. One more contact surface will be added by adding one sphere. The consequence of this
phenomenon is reflected in the coefficient of u. In equation (5), the coefficient is equal to 2. But it
is equal to 1 in equation (7). The friction terms are therefore applied in series. And the output force
turns out to be the product of similar terms.

The SMT mechanism’s certain features are highlighted in the simulation results in Fig. 5. As
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Figure 5: SMT major component studyies: (a) length of SMT line. (b) Friction coefficients of
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materials. (c) Ratio of IDpe and Dgppere. (d) length of interval spacer.

shown in Fig. 5(a), the friction of the SMT backbone increases while the length of the tubing in-
creases(i.e. the Ngppere). SO we can conclude that the tubing should be as short as possible to reduce
friction but achieve the goal distance. As marked in Fig. 5(b) to (d), The solutions for improving
force transmission efficiency are the following: using low friction componentry material, reducing

the IDype of the transmission conduit, or extending the length of the spacer. The Mathematica

simulation code is available at [47].

2.4 Preliminary Experiment Studies

24.1 Experimental Set-Up

To further investigate the SMT mechanism’s properties, we built a customized experimental

platform shown in Fig. 6. A PC-based real-time controller (Advanced Control Education Kit1103,
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dSPACE Inc Wixom, MI) was employed. The dSPACE is the system’s main controller, which cal-
culated a corresponding pulse-width modulation (PWM), directional signal, and enabling signal
based on the velocity and displacement requests. These signals are then sent to an ESCON servo
motor (ESCON 50/5, USA subsidiary). The gear reduction ratio is 43:1, and the rack and pin-
ion actuated two opposite-movement rods to actuate two 1-meter long SMT lines bidirectionally.
The SMT transmission conduits were then connected to the manipulator with an optical encoder
(ENX16 EASY 1024 CPI, USA subsidiary) for recording the displacement; the dSPACE controller
sampled the signal of the optical encoder and calculated the displacement. All the control and mea-
surement code was programmed in Simulink. The real-time control code was then automatically
generated and downloaded to the PPC750GX and TMS320F240 DSP, located on the DS1103 board,
respectively. We also used the control desk (ISPACE GmbH, US subsidiary) to monitor and track

experimental data in real-time.

Host PC
l\élaxon dSPACE S|mu||n;< &kControl
scon DS1103 es
Controller

i
1 DOF
Encoder /\] O O O | Manipulator

g/laxon 1 meter bidirectional SMT line with the acrylic sheath O &
ervo

vor (T 7 T O 1) Ervoder
(@)

s —— 3 e
1 meter bidirectional SMT line with —QJ“

the acrylic sheath

(b)

Figure 6: The experimental setups: (a) Block diagram of the system. (b) Photograph of the experi-
mental platform.
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For closed-loop control studies, a 1 meter long nylon tubing with an ID = 7mm and an OD =
9 mm, which is filled with Dgppere = 6.23 mm nylon spheres and nylon spacers with Lgpacer = 20 mm
is used. The experimental data were gained and plotted at 1kHz. We insert the nylon tubing into a
UV-extruded acrylic tube with OD = 15 mm and ID = 9.35 mm. The external UV-extruded acrylic
tube was employed as the purpose of ensuring the channel’s rigidity and prevent elastic deformation

of nylon tubing.

2.4.2 Closed-Loop SMT Control

The SMT setup exhibited displacement errors and response delays due to backlash in the open-
loop. When the gaps exist between media, the motor’s force loses contact with the load, and it only
drives itself, rods, and shaft but not the load. The problem of the backlash has been investigated since
the 1940s. The harmful effects of backlash include steady-state increase error and system stability.
The issues exist in robotic arms [48] and rolling mills [15]. To minimize the impact of backlash, we
examined closed-loop positioning control. As [49] indicated, feedback can be from the side of the
motor, load, or motor and the load side. We use feedback from both the motor and manipulator side
with optical encoders mounted on them in our design. The Maxon encoder is utilized as feedback
from the motor side is for velocity control, and the feedback from the manipulator side is used for
positioning control.

Because the backlash can introduce phase lags that can cause oscillations or instabilities in the
controlled system. We designed and imitated a modified dual loop PID controller as described
in [50], to compensate for backlash. The feedback from the motor and manipulator side contributes
to controlling the system transient. The motor displacement(X,) is sketched to meet the transient
requirement. The optical encoder measures the displacement (X;). Using the angular difference
signal

Xg=Xm— X, (14)

The feedback in the steady state is equal to

— X+ (Xm — X)) (15)

Ts+1
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Figure 7: Control studies and system identifications: (a) system output of a 20 mm step input. (b)
system output of a 40 mm step input. (c) 3" order and 2™ order models comparison. (d)
The comparison of the estimated system error and experiment results.

If the time constant 7' = 0, the equation will be equal —X;. As T tends to infinity, the result
approaches — X ,.

According to our prior works [42], we found that there are three key elements of the SMT
system: the ratio of IDype and Diphere, friction coefficient u, and the elasticity coefficient of the
conduit. Becasue we do not have a finite element analysis (FEA) model of the SMT backbone.
To explore the appropriate number of state variables for presenting most system characteristics, we
used the MATLAB System Identification toolbox. The system identification toolbox can estimate
the continuous and discrete transfer function in the time domain and state-space form. The toolbox
mainly uses the algorithm of the State Variable Filter (SVF) and Instrument Variable (IV) shown
in [51] and [52]. The 20 mm step signal and 40 mm step signals were compared by giving the step
input signal at 2 seconds and keep it for 50 seconds. As the results shown in Fig. 7(a) and (b),

the overshoot of 40 mm step signal is much higher than the overshoot of 20 mm step. Conduit’s
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Figure 8: SMT positioning control studies: (a) The mean and standard deviation of displacement
error. (b) The mean and standard deviation of system response delay. Each data point
contains 10 trials.

elastic deformation may induce the flat pattern of the overshoot. We also used the MATLAB System
Identification toolbox to assess the system’s number of orders. This study reported that when the
system is modeled as a 2" order system, the fit ratio is about 82.5%. While the fit ratio reaches
92.3% when it is modeled as a 3" order system. This result confirms that the system may have three
dominant states.

The magnitude of step commands is proportional to the PID controller’s proportion gain, in-
creasing overshoot at the responding period. Because the DC motor has a maximum acceleration, it
can be saturated by the input signal. To decrease the overshoot impact, we shift the step input func-
tion to a ramp function. The magnitude of ramp function input in the tests were 1,2, 3,4, 5 mm and
10, 20, 30, 40, 50 mm. Each test contains ten trials with random direction. The trial is counted when
the steady-state error is within 1%, and the positioning data’s resolution is 0.0001 mm. The average
displacement error of this system was 0.075 mm with a standard deviation is 0.042 mm (total n=100
measurements) shown in Fig. 8(a). It also demonstrates that the 1-m long nylon SMT can achieve a

sub-millimeter positioning control accuracy. We present the error of closed-loop positioning control
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to show SMT’s feasibility, stability, and effectiveness of the PID controller. Additionally, Fig. 8(b)
shows the response delay ranging from 7.56+1.85 s to 2.53+0.11 s, and the average is 3.75+0.53 s.
An interesting result was observed from the results: the delay was inversely related to the displace-
ment input magnitude. According to the model studies in the previous section, this phenomenon is
mainly induced by friction and elastic deformation. These two resistance forces weaken the input

force and reduce the system’s sensitivity level. All the results are shown in Fig. 8(b).

2.5 MR Studies

MR studies to evaluate the SMT mechanism’s compatibility following NEMA were performed
on a 1.5 T scanner at Avanto, Siemens Healthcare. We used the 1-DoF manipulator driven by a 4-m
long SMT line (the nylon tubing did not insert in an external acrylic sheath). With the above setup,
We placed the servo motor and an electronics box positioned sideways of the MRI scanner in the
MRI scanner room, which is orthogonal to the magnet axis. The motor and electronics box was
placed outside the 5 Gauss line at 2.5 m away. The electronics box components are regulated power
supplies, motor controllers, and filters. They can communicate with the Host PC, placed outside the
scanner room via an optical cable through the wall waveguide. According to our prior results [42]

and [53], we tried to reduce EMI by the following approach:
1. A custom-made Faraday cage surrounded the electronics box.

2. All the cables and the electronics box were shielded and grounded together to the scanner

room ground.
3. A low pass filter was implemented for the input signals.

We have performed three MR studies (transmission and reception, homogenous phantoms, and a
TrueFISP pulse sequence) using the MRI scanner’s main RF coil. The technical parameters are the
following: TR = 3.2 ms; TE = 1.46 ms; Excitation Angle = 85°; matrix size = 192 x 192; field of
view = 192 x 192 mm?; slice thickness = 10 mm).

For the signal transmission and reception studies, the images were collected following two con-

ditions. First, we defined the baseline of the phantom by placing no hardware. Second, the 1-DoF
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Figure 9: SMT MR compatibility results: (a) shows a snapshot of the MR marker. (b) - (d) show
MRI frames of the marker driven by the manipulator.

was secured over the phantom and connected to the SMT transmission line. But there are no elec-
tronics or motors placed in the room. Because of the MR inert material, no observable difference
exists between the two conditions. In the homogenous phantoms study, there are 20 images col-
lected for each following conditions: (I) The baseline and power off, (II) power on but motor idle,
(IIT) motor on without signal filtered, (IV) motor on with signal filtered. The signal-to-noise ratio
(SNR) was analyzed based on the collected images. The SNR is defined as a ratio of the collected
running signal and baseline the signal over the phantom region-of-interest (ROI). The SNR results

were normalized and reported in the form of the mean=+std. The SNR of baseline Condition I is 100
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+ 8%, the SNR of Condition II is 99 + 9%, the SNR of Condition III is 13 + 8%, and in Condition
IV, the SNR is 89 + 9%. Filtering, shielding, and grounding of the Faraday cage can recover the
SNR by 11% of the baseline losses, which is indicated in our previous studies [42] and [53]. The
third study evaluated the tracking performance of a 3-mm diameter solenoid inductively-coupled
RF coil marker driven by the SMT-actuated manipulator. The MR marker was attached to the 1-
DoF manipulator, which was secured onto the patient couch. The manipulator was actuated to move
forth and back. And the images were collected among the same TrueFISP, but with a very small
excitation angle of 2°. This small excitation angle is needed to operate the inductively coupled
coils. Fig. 9(a) shows a snapshot of the marker. The image is zoomed to evaluate the noise level.
From the result, we can conclude that the motor did not affect imaging. Fig. 9(b) to (d) show the
collected frames during the manipulator movement, which is highlighted by the dashed white box
representing the three moments of the MR marker coil. All studies performed above confirmed that
the servo motor-driven SMT manipulators could be tracked with coupled coils.

As [54] indicated, the material such as nylon and Delrin are validated as MR safe materials
for SMT setup. In our work, the SMT line was driven by ordinary EM motors, which are not MR
compatible, and placed in the MR room. Similarly, the works shown in [55] presented an FDA-
cleared MRI-radiation therapy system with 180 DC servomotors, a valve phantom shown in [56],
and our cardiac phantom in [53]. As we mentioned above, the EMI can be reduced by placing
electronics beyond the 5 Gauss line, using a low-pass filter for the signal, and grounded Faraday
shielding. As the results show in [42, 53], the filtered SNR is about 89% vs. unfiltered SNR 13%.
We use EM motors because they: (i) have high off-the-shelf availability, (ii) are low cost, (iii) are
high torque, and (iv) have been well examined in the engineering community. The system is labeled
as MRI “conditional”, not “compatible” due to the EM motor and the SNR reduction units. The
system must be placed beyond the 5G line around the MRI scanner. Though the items have been
demonstrated to pose no known hazards in [54], we still need to perform further studies on whether

they can be used in human studies.
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Figure 10: The schematics of end loop actuator: (1) Upper stage. (2) Bottom stage (3) Inner lumen.
(4) Screw hole. (5, 6) Channel end edges. (7, 8) are tubing fittings and adapters. (9)
Carriage of optical encoder. (10) Slot in upper stage. (11) Piston. (12) Optical encoder
strip. (13, 14) are Stop switches.

2.6 Design of SMT-Actuated Manipulators
2.6.1 Linear Manipulator

The CAD schematics and a photograph of our second-generation one-DoF linear manipulator
are illustrated in Fig. 10. The one-DoF manipulator is practically devised and optimized in the
schematics and manufacturing. The manipulator consists of four CNC-ed components: upper and
bottom Delrin stages as (1) and (2) (280 mm x 70 mm), the half SMT lumen as (3), and several
screw holes as (4). When the two stages were screwed together, the full lumen was formed with
an inner diameter ID¢happey = 6.48 mm. The customed SMT tubing connectors as (7) and (8)
were connected at the end edges (5) and (6). The lumen in the connector transitions from an inner
diameter /D = 6.7 mm to an inner diameter /D = 6.48 mm in the channel, where the spheres of
the SMT backbone can move freely without any obstruction. The SMT-actuated carriage (9) has

a 20 mm extension beneath itself, and it enters into the inner channel via a slot (10) in the upper
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Figure 11: RTS 3D schematics: (1, 2) are the SMT tubing connectors. (3) is the screw holes. (4)
is the optical encoder and strip to record translation motion. (5) is the optical encoder
and strip to record rotation motion. (6) is the tool carriage. (7) is the inner channel of
rotation. (8) is the inner block. (9) is the extended piston. (10) is the Mount slot. (11) is
the inner channel of translation. (12) is the ball-and-socket A. (13) is the sprocket. (14)
is a bridge connection. And (15) is the ball bearing.

stage (1). The 20 mm long extension (11) worked like a piston and pushed by the SMT media to
move bidirectionally. An optical encoder strip (12) (EM1 module, US Digital, Vancouver, WA) was
mounted on the carriage (9), and the carriage can move in a range of £50 mm. Two switches (13)
and (14) were placed on the left and right boundary for safety. The optical encoder’s analog signal

was fed to the cRIO as the feedback information for the closed-loop control.

2.6.2 Rotation-Translation-Stage (RTS)

The first generation of 2D SMT-driven robot, Rotation-Translation-Stage (RTS), is illustrated in
Fig. 11, and it shows the 3D schematics and the photographs of the prototype. The RTS manipulator
has two actuated degree of freedom: (i)a rotating ring as DoF-1 (The rotation angle « is in the range
4+90deg), and (ii) a prismatic translation carriage as DoF-2 (The translational range r is in the
range +£20 mm). The inner channels (7) and (11) are with an inner diameter ID pappe; = 6.48 mm,
and several screw holes as (3) were CNC-ed. Each DoF channel end was connected to the customed
tubing connectors (1) and (2). The lumen transitions happened in the connector are from ID =

6.7 mm in the tubing to ID = 6.48 mm. This design concept is the same as the end loop manipulator

24



Figure 12: Top and bottom views of Physical prototype model.

to ensure the media can move freely in the channel. For the rotation DoF-1, the SMT transmission
line pushes the block (8) inside the channel and changes the rotation angle controlled by the closed-
loop controller. The rotational displacement is recorded by optical strip and encoder (5) (EM1
module, US Digital, Vancouver, WA). The translation movement is under the effect of rotational
input DoF-1 becasue there is a bridge (14) with an extended piston (9), which connects the upper
stage actuated by DoF-2 with the spheres actuated by DoF-1. DoF-2 moves the extended piston (9)
and pushes the carriage (6) drive the tool mounted through the ball-and-socket A (12). The linear
displacement of DoF-2 was recorded by the optical strip and encoder (4) mounted on the carriage.
To improve the translation force’s efficiency through the bridge, we utilize a sprocket design (13)
rather than a smooth channel for the DOF-1 (7). Additionally, ball bearings were incorporated
between layers (15) to reduce the channel walls’ resistance while rotating. The RTS can be attached
by three slots (10) or spring-loaded latches. With the mechanical structure of RTS, the ball-and-
socket (12) can be placed inside a circle with a radius of £20 mm. And the distal end of the tool is
permanently anchored onto the frame of the RTS robot. If a needle is placed between A and B as
shown in Fig. 12, the tip of the needle can be pointed at any location (Zp,Y1ip.2tip) Oof the spherical

cone workspace.
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Figure 13: The RTS 3D schematics model and the coordinate frames for kinematic studies.

2.6.3 RTS Manipulator Kinematics

The RTS robot does not possess a serial kinematic chain’s properties, so we used linear algebra
calculation rather than homogeneous transformation matrices to simplify the forward kinematics
calculation. This study focused on two stages RTS robots with two fixed ball-and-sockets rather than
one stages RTS. The subscripts are used to denote which stage is referenced. Given the translation
displacement 7 and rotation angle o, the coordinate of the central ball-and-socket on the first
layer stage can be computed as P} = [z1,y1, zl]T. And given the translation displacement 75 and
rotation angle a2, the coordinate of the central ball-and-socket on the second layer stage is computed
as P, = (z9,y2,22). Because of the separation s between the two stages, the needle was assumed to
have a minimum insertion depth d,;,, and the range of insertion is djnsert, and maximum insertion
depth is dipsert € [0, dmax]. The needle entrance point P, is
P - P,

—

ﬁe:Pq+dmin -
P - P
2

) (16)
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and the target point F is:

P — P

15;5 - 131 + (dmin + dinsert)_,i_,'
Fi- A,

A7

Because of the RTS robot’s design concept, it is abstracted as a torus for rotation and a rod across
the center of the torus for translation, as shown in Fig. 13. Only a single stage RTS was utilized
in the experiment, which means the coordinates of P are [0,0,0]", so the kinematics analysis is
only based on the one stages RTS unite. Two pairs of SMT conduits drive the one-stage RTS, so
the system inputs of two-DoF are two linear displacement inputs. The rotational angle «; could be

converted from displacement input as

a] = i%’ = E, (18)
2r r

where R is the rotational input, r is rotational radius. The elevation angle ¢ is

© = arctan (5>, (19)

S

where 7' is translation input. The P; (x1,y1,21) is

Ir1 = T1 COS (1 (20)

and y; = T sinaq, 21

where s is the separation distance between two stages, and it is equal to z7. If the target point is

considered concluding needle insertion length diygert, the P is

Ty = T1 — (dmin + dinsert) COs @ sin aq, (22)
Yt = Y1 — (dmin + dinsert) COs sin o, (23)
and z; = 21 — (dmin + dinsert) COS @ Sin . 24)
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Figure 14: The workspace of two stacked RTS robots. (a) and (b) are the sector of bounded by 4
arcs. (c) and (d) is this workspace rotated about the z-axis.

Given a target position coordinate P;, needle entrance point P, and needle insert length diysert, the
ball-and-socket coordinates of two layers are calculated by substituting the givens to (16) and (17).

So, the solutions can be computed as the following equations

x =T cosa, 25)

y =Tsina, (26)

and o = arctan <g> 27)
T

To satisfy the movement range of DoF-1 and symmetric design, these calculations must satisfy the
following constraints

T=—-|T <0
(28)

T =T 0<ux.
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2.7 Two-DoF Manipulator Configuration Space

This section investigates the robot configuration space based on the previous kinematics calcu-
lations to better understand the RTS robot’s characteristics. The workspace of the RTS is a spherical
cone because of the symmetric design. A cross-section defines the workspace in the zz plane, and
the completed workspace is gained by revolving arcs about the z-axis is shown as Fig. 14 (a) and
(b). In Fig. 14, the RTS is presented as a dark green rectangle, as in Fig. 11. For the first case shown
as Fig. 14 (a) and (c), there is only one stage RTS. Thus, The cross-section of this configuration

space only consists of three arcs. The parameter ¢ € [0, 1]. The equation of the top arc (z,z) =

al (t) 18
t
2 = dyy sin <arctan (T>> (29)
s
t
and z = —dpjn COS (arctan <T>> . (30)
s

The equation of the side slant (z, z) = az(t) is given by

2 = (dumin + tdmax) sin (arctan (”)) G1)
s
and 2z = —(dmin + tdmax) cos (arctan (rt)) . (32)
s

The equation of the bottom arc (x, z) = as(t) is

. rt
= (dmin + dmax) Sin <arctan (s)> (33)
and z = —(dmin + dmax) €O (arctan (?)) . (34)

The second case is shown in Fig. 14(b) and (d), which has two stacked RTS robots. The cross-
section of configuration space consists of four arcs. The equation of the top arc (z,2) = by(t)

is

T =2r (t — %) + dpmin sin (arctan (2?)) 35)
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2
and z = —dy;, COS (arctan <Tt>) . (36)

S

The equation of the side slant (x, z) = by(t) is given by

2rt
=71+ (dmin + tdmax) sin (arctan (;)) 37
2rt
and z = —(dmin + tdmax) cOS (arctan (:)) (38)

The equation of the bottom arc (x, z) = bs(t) is

1 . 2rt
T =2r (t — 5) + (dmin + dmax) sin <arctan (S>> 39)
t
and z = —(dmin + dmax) €OS (arctan <T>>, (40)
s

and the equation of the flat bottom arc (x, z) = by(t) is

z=rt 41

and 2 = —dpin — dmax- 42)

After revolving these arcs about the z-axis, the final configuration space was plotted in Fig. 14 (¢)
and (d). Although this paper is focusing on the discussion of a single RTS, two stacked RTS robots

can extend a four times larger workspace.

2.8 Experiment Studies on Manipulators
2.8.1 Experimental Set-Up

All the experiments run until the steady-state error is within 0.05 mm to the goals. The cus-
tomized one-DoF positioning manipulator is shown in Fig. 10(f). The two-DoF positioning manip-
ulator RST is presented as Fig. 15(a). A parallel pair of SMT lines bidirectionally actuated both
manipulators. Each SMT pair was powered by a servo motor, as shown in Fig. 15(c), and driven by

a control unit as shown in Fig. 15(d). National Instrument Compact RIO (cRIO) (NI Inc. Austin,
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(d)

Figure 15: Experimental setups: (a) Isometric view of RST (b) One-DoF isolation study (c) Motor
& motor base (d) Electronics box.

USA) was served as a PC-based real-time controller. The control and measurement conversion code
was first programmed in LabVIEW, then downloaded to cRIO to drive motor and data acquisition.
To make all components compact, we customized an electronics box. The electronics box is pow-
ered by a 120 V AC source. A solid-state relay, fuse, switch, and an emergency button was added for
safety purposes. The Maxon servo motor (Maxon DCX35L GB KL 24 V, USA subsidiary) powers
a dual rack and pinion with a 43 : 1 reduction ratio. And it can convert the rotational motion to linear
motion by actuating two rods to provide a bidirectional actuation. The RTS signal flow diagram is
shown in Fig. 16(b). The one-DoF manipulator system is similar to RTS, but only one transmission
line pair. The positioning control studies on the RTS used two parallel pairs of braided PTFE tubing
with an ID = 6.7mm and OD = 8.3 mm (AFLEXHOSE, USA, LLC), which has a stainless-steel
jacket and PTFE inner tubing. Because the two-DoF of RTS robot are dependent, we conducted
closed-loop studies into three cases: First, one of two layers of RTS was blocked by screws, as

shown in Fig. 15(b), and the accuracy of each degree-of-freedom was evaluated separately. Second,
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Figure 16: System diagram of Two-DoF: (a) Control diagram (b) Signal flow.

both DoF were connected with one pair of the transmission line, and only the corresponding mo-
tor powered on for testing. Third, both motors were powered on for rotation and translation. All
the above tests were implemented with PI controllers, and the controller’s gains are tuned with the
trial and error approach. The PI closed-loop diagram is similar to the translation diagram shown in
Fig. 16(a), and the gains remain the same in all rest of the experiments. However, because the two-
DoF of RTS are dependent, to compensate and improve the system synchronization performance,
we implemented a master-slave controller (MS-control) [57]. The output of the DoF-1 served as
the reference for the slave DoF-2. The master-slave closed-loop diagram of rotation is shown as

Fig. 16(a).

2.8.2 One-DoF Linear Manipulator Experiment Results

In our previous works [42,46], we found that the friction between the tubing and solid media,
tubing elastic deformation, and conduit length is three key elements of the SMT characteristic study.
To improve system performance, we first analyzed the performance of materials with different fric-

tion coefficients. Becasue of the weight and shattering concerns of media, we only experimented
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Figure 17: Experimental results of One-DoF: (a) Response tim (b) Settling time. Each box-and-
whisker marker concludes 10 trials.

with nylon (2 — 4 GPa) and PTFE (0.5 GPa). And they are the most common commercially avail-
able materials on the market. The friction coefficient of nylon to nylon is approximately equal to
0.2, and the friction coefficient of PTFE to PTFE is approximately equal to 0.04. We used 1 m long
nylon and PTFE tubing with an inner diameter /D = 7mm and an OD = 9mm. Both the nylon
tubing and the PTFE tubing were inserted into a UV-acrylic sheath (ID = 9.35 mm, OD = 15 mm)
to ensure the rigidity of the channel and prevent elastic deformation of tubing when the motor ap-
plies instant force and while solid media is moving. Moreover, the acrylic sheathes were zip-tied to
an aluminum trail to ensure and straighten the transmission line. Although the acrylic sheathes lim-
ited the elastic deformation, there still was a 0.35 mm gap between the outer wall of tubing and the
inner wall of the sheath. The 1 m braided PTFE tubing with an ID = 6.7 mm and OD = 8.3 mm
(AFLEXHOSE, USA, LLC) was also used for testing. To evaluate the effect of conduit length, we
used up to 4 mlong braided PTFE tubing in experiments.

For friction coefficients studies, we input step functions as reference signal with the magnitudes
of 1, 2, 3, 4, 5, 10, and 20 mm. Figure 17 shows experimental results and plotted in each box-and-
whisker; each marker represents ten randomized direction trials. As Fig. 17(a) shows, the average
response time of nylon tubing and nylon spheres combination inserted into an acrylic sheath is
about 1.97s. The PTFE spheres and tubing combination reduced the average response time to
0.15s. To further limit tubing expansion, we used a PTFE stainless-steel braided tubing and PTFE

spheres pair. This pair shortens the average response time to 0.1 s, which indicates lower friction and
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better-constrained conduit lead to better results. Next, we investigated the impact of transmission
conduit lengths from 1m to 4m. Fig. 17(b) shows that the settling time increases as the length
increases from 1.76s for 1 m to 4.12s for 4m. Although the position accuracy for all length and
material experiments always reached the optical encoder’s resolution, which was 0.05 mm. With
the combination of the latest generation of manipulator design and PTFE braided conduit, our new
system can achieve a two times faster response time and ten times faster settling time than our

previous system in [46].

2.8.3 Two-DoF Manipulator Experiment Results

For the RTS positioning control studies, we separately investigated three cases isolate, separate,
and MS-control, as mentioned above. We input step functions as reference signal with the magni-
tudes of 1, 2, 3, 4, 5, and 10 mm. Each set was repeated ten times with a randomized direction.
Fig. 18(a) shows the settling time results of rotation (DoF-1) . There are two optical recorders with
0.05 mm resolution that was used to record displacement. The settling time of the isolate case is
higher than the others, and it shows an uptrend from 1.5 s to 2.2 s. Because translation and rotation
DoF of RTS are dependent, when the screw blocked it, the solid media in the RTS and conduits
were highly compressed, which caused a high resistance. While the magnitude of input reference
increased, the settling time increased. The settling time of the second case is from 1.7s to 1.4s.
These results confirm the hypothesis in our previous work [42,46], that the resistance forces can
weaken the input force and decrease the level of system sensitivity. So the settling time becomes
high if the system input is small. With two pairs of transmission conduits connected, the settling
time of the separate case is shorter than the isolate case with the same compression problem. The
master-slave control method compensated for the two motor synchronization problems and reduced
the solid media compression issue. The settling time is in the range from 0.8s to 1.6, which
achieved a better performance than the separate or isolate cases.

The settling time of translation is shown as Fig. 18(c). Because of the compression issue, the
measured settling time of isolate case is not predictable, which is in the range from 0.8s to 1.9s.

For the separate and MS-control cases, both were controlled by the PI controller, so they had a
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Figure 18: Experimental results of RST: (a) The settling time of rotation. (b) MS-control results of
rotation. (c) The settling time of translation. (d) MS-control results of translation.

similar pattern. The settling time is from 1.5 s to 2.5 s. This slight difference is because when DoF-
1 changes, the solid media’s inner packing pattern also changed unpredictably and influenced the
system performance. Figure 18(c) and (d) show the bidirectional step input response result of the

system. For all trials, the system accuracy resolved the optical encoder (0.05 mm).
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3 MILLI-SCALE MAGNETIC SWIMMER

3.1 Introduction

Magnetic milli-, micro- and nano-robots could be embedded in many biomedical diagnosis
and therapy applications ranging from in vitro to in vivo [10,58-60]. Magnetic robots show great
potential for revolutionizing many aspects of medicine because the human body is transparent to
low-frequency magnetic fields. When the magnetic field variation ratio is in a safe range, low-
frequency magnetic fields are harmless to the human body and other living organisms.

Many magnetic robots are bio-inspired, usually by microorganisms. Escherichia coli (E. coli)
bacteria can swim in low-Reynolds number (Re) liquids using their rotating helical-shaped flagella
as molecular motors [61]. This phenomenon was first described by the biologist Berg in 1973. In
1976, Purcell [62] explained that helical swimming is one of the three dominant swimming methods
for microorganisms in low Reynolds number (Re) environments. Inspired by this natural behavior,
in 1996, Dr. Honda and his group [63] proposed the first magnetic, helical-shaped, centimeter-sized
swimmer. The swimmer was teleoperated by an external rotating magnetic field and swam in a
low Re environment. After that, these types of magnetically-driven robots have been investigated
by many scientists and engineers. For further details, representative surveys and literature review
include [9-11]. 2D studies of helical robots such as mechanical design analysis, gravity compen-
sation, and motion control are reported in [11,59, 64-67]. 3D path-following studies have been

proposed in [68,69].

" Magnet

Sharp
tip

(b) (c)

Figure 19: (a) Helix shape. (b) Spiral shape. (c) Twist shape.

There are several design shapes for helical swimmers and a variety of actuation methods. These
variations are described in the survey [9]. The three most common shapes for helical magnetic

robots are helix, spiral, and twist shown in Fig. 19. The most popular external magnetic sources as a
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control input are Helmholtz coils [70] and rotating permanent magnets as in [65,71]. An interesting
alternative was called the DeltaMag, an electromagnetic manipulation system with parallel mobile
coils [72]. A mobile set of 3 DeltaMag like EM coils was used to move helical swimmers (and
oscillating swimmers) in 2D with camera vision feedback [73].

This chapter focuses on spiral-type (also known as screw-type) swimmers. Spiral-type swim-
mers have many parameters suitable for exploration. This is probably due to the fabrication chal-
lenges of building tiny objects. Spiral-type robots are composed of three main components: a
magnet, cylindrical body, and spiral-shaped fins. The magnet can be inserted into a chamber in the
cylindrical body. Alternatively, to improve the thrust efficiency, the magnets can be the main body
of the swimmer. The magnet magnetization vector should be orthogonal to the central axis of the
main cylindrical body. A torque produced by an external magnetic field can be applied to rotate the
swimmer and produce a thrust to drive swimmers to swim in a fluidic environment such as [74].
Because of the corkscrew shape design, the spiral-type swimmer also can drill into solid matters.
In [74,75], researchers demonstrated that spiral-shaped magnetic robots could drill through a piece
of bovine meat. This groundbreaking (tissue-breaking) result shows great potential for biomedical
and clinical applications such as tissue fenestration and blood clot removal. Ishiyama et al. demon-
strated that spiral-type swimmers could also provide multiple optional functions that are useful for
medical applications [12]. Zhou proposed another clinical application to use this kind of robot as an
endoscopic capsule [76]. All works mentioned above focus on the applications and control in 2D
environments and a tubular channel with a few bifurcations. In contrast, this chapter investigates
and applies control theories in 3D environments.

This chapter first mathematically analyzes how to control the magnetic field using our lab-built
magnetic system in Section 3.2. Then we will discuss the current problem within this system, and
a method was proposed to compensate for this undesired behavior for the control performance in
Section 3.2.4. Next, we present experimental optimization studies of our first spiral-typed magnetic
swimmer design and 3D navigation with PI controller studies in Section 3.3 and Section 3.4. Ad-
ditionally, a Model Reference Adaptive Control (MRAC) was implemented for 3D path-following

and compared to a conventional proportional-integrator (PI) controller in Section 3.5. Finally, we
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apply this for blood clot removal, a potential biomedical application in Section 3.6. For blood
clot removal, we performed optimization studies of tooltip design. We also conducted a study of
blood clot removal rates and 3D navigation. All the presented work in this chapter was published

in [77-80].

3.2 Magnetic Field Control

This section presents a lab-built magnetic manipulator for 3D navigation and an efficient way to

reduce the effect of an undesired gradient force.

3.2.1 Magnetic Manipulator

The lab-built magnetic manipulator system was designed and optimized for controlling minia-
ture swimmers in a 3D environment [77,81]. Figure 20 shows a picture of our magnetic system. The
system can generate a magnetic field to apply a torque and/or a gradient force on magnetic objects.
In Section 3.2.3, the amount of flux density, force, and torque can be calculated according to the
needs of 3D control using the inverse magnetic. A side length of 150 mm fluid-filled, cube-shaped
workspace is designed and placed in the center of the manipulator for 3D navigation studies. Three
pairs of electromagnetic coils were placed along the xyz-axes to generate an external magnetic
field. Each pair of the electromagnet coils are placed on opposite sides along the same axis, and a
distance of 300 mm separates them. This manipulator does not provide a uniform magnetic field.
The electromagnets can be cooled using liquid nitrogen to increase the magnitude of the magnetic
fields [81]. However, this feature was not implemented in these studies.

Twelve power supplies power the whole magnetic system in the current-mode. Each power
supply can internally perform a current regulation. For the current system’s circuit connection, the
current controlling is better than the voltage controlling because the magnitude of the magnetic
field is proportional to the magnitude of the input current. Each coil pairs are connected to two
series-connected Kepco BOP 20 — 50 (20 A, 50 V) power supplies. For each coil, the whole power
system can provide a total of 20 A and 100 V, which is 12 kW power in total. All power supplies are

controlled by the six analog outputs produced by National Instruments (NI) Ethercat input/output
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Figure 20: Lab-built magnetic system and schematics of magnetic swimmer. (a) The magnetic ma-
nipulator platform. (b) The cross section schematic. (c) The magnetic swimmer.

interface. One thermocouples were glued to each electromagnet coil to monitor overheating. The NI
industrial controller IC 3173 is used as the system processor for the swimmer and current control.
Two Basler aCA2040 cameras are placed on the top and right sides of the workspace, which forms
an orthogonal view of the workspace to measure the 3D position of the magnetic swimmers in
realtime(350-400 frames per second). The positioning information gained by two cameras is also

used as the feedback for the 3D navigation closed-loop control.
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3.2.2 Magnetic Field

A local body Cartesian coordinate system (u, v, w) of the swimmers linked to the magnetic field
is defined. The magnetic field has a constant magnitude. The flux density expressed in the (u, v, w)

coordinate system B,,,,,, can therefore be calculated by

B, cos(0(t))
Buww = B, | = By - sin(G(t)) ) (43)
By, 0

where 6 is the magnetization orientation of the magnetic field.

When the robot is rotating at sufficient speed, its rotational axis naturally orients itself with w.
This effectively allows control of the robot’s orientation. The reference frame u, v, w is rotated at
an angle o, around the z-axis and at an angle a, around the y-axis. The corresponding rotation

matrix is

R(az, ay) = Rx(az) - Ry(ay)

1 0 0 cos(ay) 0 sin(oy)
=10 cos(ay) —sin(ay)| - 0 1 0 . (44)
0 sin(ay) cos(ay) —sin(ay) 0 cos(oy)

The magnetic field expressed in the x, y, z reference frame is

Ba:yz = R(amy ay) : Buvw- (45)

3.2.3 Inverse Magnetics Calculation

To making the magnetization of the magnet along the swimmer’s radial axis, a cylindrical Nd-
FeB magnet was inserted into the chamber inside the swimmer. The swimmer rotates itself to align
the self-magnetization axis with the external magnetic field when a rotating external magnetic field

is applied. Because of this rotation motion, the spiral-type fins can produce a thrust that propels the
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swimmer to swim forward.

A right-handed coordinate system is used to define the global inertial frame of the magnetic
field XY Z, and the origin of this frame is located at the center of the manipulator workspace. To
simplify the calculations of forward kinematics and inverse magnetics as shown in Fig. 20(c), a local
body frame of the swimmer UV W is defined; the origin of this local body frame is at the center of
the swimmer, and the W -axis is perpendicular to the radial direction of the swimmer.

Because the purpose of this study is mainly focusing on the in vitro studies, and the implemen-
tations of helical robots in 3D environments using ultrasound or X-ray imaging as feedback sensors
may provide low-resolution state feedback. Therefore, only the swimmer’s 3D position gained by
Basler cameras is considered feedback states, and the magnetization orientation swimmer is not
measured. The swimmer can follow the magnetic input and track the predefined path from the
Experimental observations when the magnetic rotation frequency is not equal to or above the swim-
mer’s step-out frequency. Moreover, in this paper, we assume that the swimmer rotation axis can
align with the W axis, and the lag between magnetic orientation and the applied magnetic field is
small. While the two axes of the swimmer and magnetic field have small misalignments and the lag
angle is unknown, the swimmer’s orientation is not necessary for the swimmer controlling, which
is an advantage of this solution.

The current that applies to each electromagnet (EM) to produce the desired flux density is com-
puted using inverse magnetics equations. The total flux density at a specific position is the sum of

the six electromagnetic coils’ flux densities. The current vector I of six EM coils is

T
1=\ I Is I I; Ig| - (46)
The flux density is
Bw(P)
Bxyz(P) = By(p) 1= AB(P) -1 47)
Bz(P)

where B, (P) is the total flux density at the position P.
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B.(p) = |Biup) Banp) Bau(p) Baa(p) Bsup) B6x(P)}7 (48)
By®) = |Biyw) Bayr) Bayr) Buye) Bsyee) Beya))}? 49)
and B (p) = Bu(P) BQZ(P) Bs.(p) B4Z(P) BE}Z(P) B6Z(P):|7 (50)

where Bm(p) is the flux density per unit of current (T/A) produced by the electromagnet ¢ along the
a-axis(e.g. a is z, y, or z). The coefficients of Bm(p) are derived from the Biot-Savart law in [82].

The gradient force F, . (P) is calculated with

FZ?JZ(P) = Fy(P) = V(m ’ Bxyz(P))a (51)

where F,p) is the generated gradient force at position P along a-axis, and m is the swimmer’s
magnetization vector. m, is the magnetization along a-axis. thus, the equation (51) can be rewritten

as

OBue) 9B, p) 9B.(p)

Mae gz +my oz +m, ox

_ OB, oB OB,
nyz (P) - mz% + myiaysz) + m, a;P’) ’ Ia

0B, p OB, p 0B, p
My az(*)‘kmyiay; >+mz 3z<>

Equation (47) can be inverted to calculate the needed current to produce the desired amount of
the flux density applied to the swimmer. The matrix A g(P) € IR?**6 in (47) is defined as the actu-
ation matrix of flux density. The matrix A (P) € IR3*% in (52) is defined as the actuation matrix
of the gradient force. According to the above calculations, the magnetic system is underdetermined,
and has an infinite number of solutions. Both actuation matrices have linearly independent rows.

Thus, the right Moore-Penrose pseudoinverse is performed.
At = A* (A . A*)—l 7 (53)
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where A presents the actuation matrix. A+ and A* are the inverse and conjugate transpose of the
actuation matrix. The needed current can be calculated by inversed A p(P) of (47) in the form
of (53).

By using P, = R - |[T||*(R is the electric resistance of the EMs, ||I|| is the Euclidean norm
of the current vector), the power Pp, lost in the system via Joule heating can be computed, which
is proportional to ||I||2. The solution computed with Moore-Penrose pseudo inverse minimizes the
Euclidean norm of the current vector. The Moore-Penrose pseudo inverse returns the solution that

minimizes the Euclidean norm of the current vector and therefore minimizes the power lost via

Joule heating [83], which slows down EM coils overheated.

3.24 Gradient Force Compensation

As mentioned in one of our publications [77], we only control the flux density using the least-
squares solution of (47). This solution returns a non-zero gradient in most cases, and the gradient
force can be neglected. In [81], the concatenated actuation matrix (54) is chose to reduce the effect

of the undesired gradient force

Ba(p)
By(P)
EZP
Apr(P) = ) ) ], (54)
9B (p) + 9By p) + 9B.(p)
T My =5z Mz 5,
oB 6B oB
(P) y(P) =(P)
T gy + Y By +m, dy
oB oB oB
(P) y(P) =(P)
v oy TMy—p, T,

where m,, is the magnetization vector along a-axis. The flux density and force can be calculated by

B.,.(P)

F...(P)

= Apr(P)-L (55)

One access to minimize the undesired gradient force produced by the desired current is to set

the gradient forces term on the left of (55)equal to zero. Because the actuation matrix Appr(P)
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Figure 21: The Numerical study results of the relationship of the angle between actual and ap-
proximated magnetization of swimmer in the simulated workspace. The “app” stands
“approximated” and “act” stands “actual.”

is ill-conditioned, it can saturate the current input for the power supplies and cause I to oscillate
rapidly, furthermore trigger the safety mode of the power supplies. Tikhonov regularization was
implemented to compensate for this problem. If there are zero eigenvalues, the matrix is impos-
sible to invert. While eigenvalues approach zero, the matrix tends toward rank-deficiency, and
inversion becomes less stable, described in [84]. One advantage of the Tikhonov regularization is
that it suppresses small eigenvalues’ influence in computing the inverse, filtering out the undesired

components. The pseduoinverse (53) in the form of Tikhonov regularization can be rewritten as

Afp(P) = Apr*(P) (Apr(P) - App"(P) +T-T%) ",

where I' = all, « is the scaler of the regularization, and [ is a identity matrix. For our case, [ € R6*6
and o = 107 was selected by trial and error approach, to guarantee the Agp - Agp* and I'T* have
the same order of magnitude. The magnitude of « is much smaller comparing others because the

computations are in meters (102 millimeter) and tesla (103 millitesla).
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The swimmer’s magnetization vector was approximated as a vector perpendicular to the heading
of the control signal. We have performed a numerical study on gradient force to analyze the effect
of falsing approximating the swimmer magnetization orientation. The vector of the desired flux
density and swimmer magnetization were set to match the black arrow in Fig. 21 (a) to simplify
the numerical analysis in a 3D workspace. We only consider the cases when the magnetic field’s
rotational frequency is below the step-out frequency, which means the angle difference between the
swimmer’s magnetization and the external magnetic field is less than 90° and the angle range is
[—90°,90°]. The coil currents were computed once using the approximated magnetization vector,
while Ag(P) was calculated over the full [—90°, 90°] range. This study simulated a 2 mT magnetic
field and computed a total of 12.5 x 10* different locations in a 0.15 m cube 3D workspace. As the
results are shown in Fig. 21 (b), the uncompensated gradient force magnitude difference between
approximated and actual is about 8%, and the compensated gradient force magnitude difference
between approximated and actual is approximately 5%.

We implemented the PI controller from our previous work [77, 81] to experimentally demon-
strate the proposed method. The approximated gradient force F,,.(P) was computed along the
3D path-following trajectory. The circle trajectories in the experiments have three radii magni-
tudes (0.02 m, 0.04 m, and 0.06 m) and five z-axis magnitudes (O m, +0.02 m, and +0.04 m). We
conducted 10 trials for each of these 15 cases, and assumed the magnetization orientation of the
swimmer is aligned with the external magnetic field. In Fig. 22, the uncompensated force is plotted
with five z-axis magnitudes and three radii (upper layer of each subplot). The magnitude of the
compensated force is presented in the lower layer of each subplot. We can conclude that the uncom-
pensated force is symmetric about the z-axis from the results. The mass of the swimmer is 12.4 mg
as shown in Fig 20 (c), and the weight is 1.22 x 10™* N, so the magnitude of the uncompensated
force is from 1.2 to 2.6 times the gravity force on the swimmer. Moreover, it increases when the
circle trajectories’ radii increase because larger circle trajectories are closer to the EM. With the im-
plementation of Tikhonov regularization, the virtual gradient force applied on the swimmer along

the path-following trajectories varies from 0.5 to 0.9 times the gravitational force on the swimmer.
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Figure 22: Experimental results of the Gradient force along circular paths.

In practice, perhaps due to poor estimations of the dipole orientation, this compensation had a mod-
est impact on reducing the average tracking error by 28% of the uncompensated case for z = 0.04 m
and reducing the error’s standard deviation by 41%. While this compensation was computationally
efficient to implement, the path following performance was only modestly improved, so the rest of

the experiments in this dissertation do not use gradient compensation.

3.3 Preliminary Study on Pure Spiral-type Swimmer

An aforementioned magnetic manipulator and related work, in this section, we discuss the pre-

liminary studies on the design optimization on a pure spiral-type swimmer and 3D navigation with a
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closed-loop PI controller. The experimental study results on the design optimization and controller

comparison are presented.

3.3.1 Closed-loop PI Controller

a) Block diagram of the controller
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Figure 23: Sytem control and signal flow diagrams.

Force produced by the rotation motion drives the swimmer. The magnitude of the force vector
is controlled by changing the rotational speed of the swimmer. The orientation of the force vector
determines the direction of the swimmer. The algorithm first must compute the force vector to be
applied to the swimmer. The force vector contains three components: the gravity compensation,
the drag compensation(the drag along the trajectory centerline), and keeping the robot following the
trajectory centerline.

The algorithm first acquires the robot’s position by two cameras set on the right side and top(see
Fig. 20). The closest point on the desired trajectory, P, is found via a greedy search. The difference
between P and the robot position is used as the control reference. The outputs corresponding to the
force component need to keep the robot following the trajectory centerline.

The optimum velocity vector V at point P must then be calculated. Its direction is tangent to
the trajectory centerline, and its magnitude is defined in the matrix T for the feed-forward loop. A

simplified fluidic mechanic model presented as

Fd:—0d~,0'V'S (56)
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Figure 24: Different robot designs experimentally tested.

is used to compute the drag force F4, corresponding to the velocity vector. In this equation, where
C, is the drag coefficient, p is the density of the fluid, V is the velocity vector, and .S is the cross-
section area.

In this study, the propulsion force F, produced by a rotating robot was assumed to be aligned
with its rotational axis. The orientation of the swimmer is therefore set to the force vector F'.. The

rotational speed w is calculated from the magnitude of the force as

w=— 57

where k; is the thrust coefficient. In this study, the drag coefficient C;z, mass of the robot m, thrust
coefficient k; were all approximated and fine tuned by trail and error approach. And the control
diagram is shown as Fig. 23.

3.3.2 Swimmer Design and Fabrication

The milli-scale swimmers with a spiral shape shown as Fig. 24) have a diameter of 2.5 mm.

They were manufactured by a Projet 3510 HD high-resolution 3D printer. Four different designs
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were built and tested (see Fig. 24).

A hole is designed in the center of the swimmer to receive a cylindrical permanent magnet. The
magnets were the same for all tested robots. They are all N50 NdFeB, have a diameter of 0.75 mm,
and a length of 1 mm. The radially magnetized characteristic allows it to produce a torque along the

revolution axis of the swimmer.

3.3.3 Experimental Optimization on Swimmer Design

All different robot designs mentioned in the previous subsection were tested experimentally.
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Figure 25: Maximum linear velocity vs Magnetic field rotational frequency of four robot robots.
Each data point represents 10 trials.

Two different lengths (2.5 mm and 4 mm) and two different pitches (2 and 3 mm) were tested and
compared. The velocity of each swimmer was calculated by measuring the time swimmers took to
go through the 20 mm long tube. The velocity results of all designs are presented in Fig. 25. Each
rotational speed contains ten trials.

From experimental results, the fastest swimmer is the one with a pitch of 2 mm and a length of
2.5mm as shown as Fig. 24 (a). This swimmer climbed at an average speed of 90 mm/s with a

maximum recorded velocity of 103.6 mm/s. The variation in velocity is explained by the fact that
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the controller must compensate for uncertainties to keep the swimmer on the centerline by slightly
changing the robot’s orientation. The uncertainties are not the same for each loop achieved.

The maximum torque that the manipulator can apply was the same for each test. The maximum
applied torque is

' =m-B. (38)

The angle between the applied magnetic field B and the magnetization m of the swimmer is called
internal angle («;), similar to the terminology used for synchronous electric motors. The maximum
torque is reached when «; reaches 7/2 rad. If this angle is exceeded, the torque applied decreases.
The robot’s angular velocity also decreases and is no longer equal to the rotational speed of the
applied magnetic field. Under these conditions and according to (58), the average torque applied to
the robot is considered equal to zero. The robot, therefore, stops rotating. The frequency produces
an internal angle equal to 7 /2 is called the step-out frequency.

As shown as the experimental curves, the step-out frequency is decreased when the robot length
increases, and the pitch increased, which is explained by the fact that, for a given rotational speed,
the friction torque increases with the length of the swimmer, and more contact surface area with
the liquid. The torque also increases if the pitch is increased as the attack angle of the screw thread
increases.

All robots have a diameter of 2.5 mm, and their cross-section is, therefore, the same. There is
a maximum amount of liquid for a given rotational speed that can go through this surface area. It
isequal to S - P - w/(2m) where S is the cross-section area of helix, P are the pitch, and w is the
rotational speed. It can be seen in Fig. 25 that the robot with a pitch of 2 mm and a length of 4 mm
performs poorly. This can be explained by the fact that the increased length only increased the op-
eration frequency range and step-out frequency. However, this small increase does not compensate
for the added weight. Also, the friction torque produced for a given rotational speed is increased,

decreasing the step-out frequency.
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3.4 3D Navigation with PI Controller

In this section, the experimental results of 3D navigation with a PI controller are presented. And

an orientation controller is proposed to improve the path-following performance.

3.4.1 Preliminary 3D Navigation Study with PI Controller

The PI controller discussed in Section 3.3.1 and the swimmer with a pitch of 2 mm and a length
of 2.5 mm shown as Fig. 24 were tested experimentally. The desired trajectory goes straight up
through a tube. It exits the tube from the top and goes to the right side of the workspace. The
trajectory then makes several turns to bring the robot to the bottom of the workspace slowly. And
the swimmer follows the desired trajectory until halted. A 3D schematic of the desired course is
provided in Fig. 26. This figure also shows the experimental results of the swimmer.

A significant error between the desired trajectory and the swimmer trajectory happened when
the trajectory is tortuous. However, the control is precise and repeatable for each loop performed.
The orange curve in Fig. 26 corresponds to the path followed by the robot while accomplishing
the trajectory three times in a row. The trails are almost superposed. And the path-following is
accurate on the portion that the swimmer goes up into the tube. The swimmer can go through the

tube without touching the walls. However, the average path-following accuracy is about 10 mm.

3.4.2 Orientation Controller

The path-following controller in this section is the same PI controller presented in Section 3.3.1.
After each robot position measurement, the closest waypoint to the robot, P[i], was identified.
The path controller determines u(t), the orientation of the magnetic field rotation axis. Although
the swimmer can follow the desired trajectory by the proposed closed-loop PI controller in the
preliminary study, the average path-following error is huge. The maximum is around 10 mm. A new
orientation controller is proposed to compensate for the error and smooth the swimmer trajectory to
improve the path-following performance with the proposed closed-loop PI controller.

Two components are used to calculate u(t): the path tracking error (P[i| — x(¢)) and the (dis-

cretized) tangent to the path. There are two tuning parameters: 5 € (0, 00) to control the relative
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Figure 26: Experimental results of path-following following experiments.

importance of path error and the path tangent, and v € Z* which determines the distance along
the path to compute the tangent. Small values of [ attempt to track a waypoint but do not progress
along the path well, while large 3 values result in paths that diverge from the waypoints (see Fig.

27). Because the waypoints are spaced every 0.5 mm, a v of 1 set a lookahead of 0.5 mm for the
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and w(t) = 160. (61)

The sign of w(t) is positive for right-hand screws and negative for left-hand screws. The magnetic

axis direction u(¢) must then be converted to a pair of angles

[ap(t), oy (t)] = [—arctan2 (uy(t), u.(t)) ,sin™? (ug(t))] - (62)
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Figure 28: Plot of the path followed by the millimeter-scale swimmer during navigation through a
tube. On this figure, the swimmer completes the trajectory four times.

Here arctan2(y, z) calculates the arctangent of y/z.

3.4.3 3D Navigation Study with PI Controller and Orientation Controller

The navigation experiment was performed using a swimmer designed for blood clot removal.
The design parameters will be discussed in Section 3.6.3. As shown in Fig. 28, the path is followed
with an average error of 2.3 mm, and a standard deviation of 1.8 mm. The path is precise, with a
between-iteration mistake of 0.4 mm, and a standard deviation of 0.3 mm. Although the swimmer
design is slightly different, the spiral tip did not significantly improve the path-following perfor-
mance but the orientation controller. As the experimental results showed, the orientation control

significantly improved the path-following performance.

3.5 3D Navigation with Adaptive Control

This section will discuss the design parameter optimization of the swimmer that appeared at
the end of the previous section. The closed-loop PI controller and an orientation controller should

be implemented to complete a high accuracy 3D navigation. Additionally, for the PI controller

54



Table 1: The Spiral-type Swimmer Designs

2

= - ) D <D

S & Y + p- Ly

2 = 5 5 2 7

%)

= | 1.0 Swimmer | 1.5 Swimmer | 2.0 Swimmer | 2.5 Swimmer | 3.0 Swimmer
g Single Helix | Single Helix | Single Helix | Single Helix | Single Helix
A | Pitch: Imm | Pitch: 1.5mm | Pitch: 2mm | Pitch: 2.5mm | Pitch: 3 mm
=

g 7.1mm 11.4mm 7.4mm 14.5 mm 15.2mm
% 3.3 mm 3.7mm 2.7mm 1.4mm 1.5mm

r=0.06 m, z=0Om

0.02 -

- -n/2 0 /2 i

0.02 -

0.015 -

0.01 -

Error (m)

0.005 -

3.0 Swimmer

2.5 Swimmer

(b) 1.0 Swimmer 1.5 Swimmer 2.0 Swimmer

Figure 29: The PI controller Path-following results. (a) The path-following error. (b) The average
error for each swimmer. Each marker represents 15 circular laps.

parameters, some important parameters are approximated and traded off by trial and error approach.
This section proposed an adaptive control to achieve 3D navigation without approximated physical

parameters of the swimmer to avoid this problem.

3.5.1 Experimental Setup

The lab-built magnetic robotic system presented in Section 3.2.1 was employed for the follow-
ing studies. We decided to use current-mode power supplies to power the whole system to take

advantage of the magnetic field’s magnitude, which is proportional to the current and the magnetic
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field has the same frequency as the current. The experimental results are shown in Fig. 30 (a)
demonstrated that the band-pass of our magnetic system is about 100 Hz, where the output drops by
-3dB. Fig 30 (c) indicates the whole system hardware diagram.

In all the subsequent experimental studies sections, the swimmer was driven in a water-filled
workspace. Compared to other nano or micro helical robot studies, which focus on low Reynolds
number (Re < 1073) environment, our millimeter-scale spiral-type swimmer is sketched to move
at relatively high Re environment (e.g., for our cases, Reyaer ~ 727). All swimmer designs are
presented in Table 24 and 3D-printed by a ProJet 3510 HD Printer with a length of 6 mm and

diameter of 2.5 mm.

3.5.2 Optimization Studies on Helical Tip Design

Table 2: Controller Comparison

Pitch [ 2mm ||| 3mm |

Controller PI | MRAC | PI | MRAC
Mean (mm) | 7.4 3.2 15.2 3.8
Std (mm) | 2.7 1.5 1.5 1.8

This section presents the new swimmer design compare to the design shown in Section 3.3.3.
The new design was added a helical tip, which is used for the blood clot removal studies in later
sections. There are five thread-pitch values experimentally studied to explore how the new design
affects swimming stability. The word “stability” is defined as and evaluated by the mean and stan-
dard deviation (std) of path-following error in this and later section, which is inversely proportional
to the mean path-following error. The pitches of swimmer designs in Table 24 are 1 mm, 1.5 mm,
2mm, 2.5mm, 3mm. The latest design has a helix tip comparing to the pure spiral-type body
presented in [74,75]. The latest designs are intended for potential clinical applications, blood clot
removal.

At the begining all swimmers were controlled by a PI controller presented in Section 3.3.1
rotating at 68 Hz, and followed a desired circle trajectory with z-axis = 0, radius = 60 mm. The

pitches of the designs shown in Table 1 vary from 1 mm to 3 mm with 0.5 mm intervals. There
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Figure 30: System diagrams: (a) The band-pass frequency of one coil. (b) and (c) are control and
hardware diagrams.

is a total of 15 trials conducted for each design. The path-following tracking error is plotted as a
function of angular progress around the circle is shown in Fig. 29(a). From results of fig. 29(b),
the 2.0 Swimmer whose thread pitch is 2 mm, had the best stability (mean error = 7.4 mm, std
= 2.7mm), and the 3.0 Swimmer whose thread pitch is 3 mm, has the worst stability (mean error

= 15.4mm, std = 1.5 mm).

3.5.3 Model Reference Adaptive Control(MRAC)

In our previous work [77,81], we used a PI controller to guide the swimmer in a 3D environment.
To improve the mean error and standard deviation of path-following, we implemented a controller
used a feed-forward component to counterbalance the acceleration produced by gravity and drag.
Moreover, all the swimmer mass values, thrust coefficient, and drag coefficients were hand-tuned
by a trial-and-error approach to control the swimmer following the trajectory in 3D.

In contradiction, the direct MRAC is used to adjust an unknown time-variant or time-invariant
plant in real-time and regulate the plant to the desired system dynamics. The preferred system dy-
namics is called the reference system or model. Because our system is a high nonlinear time-variant
system because of the dynamics and disturbance, MRAC can address the robustness and model
uncertainties caused by nonlinearity without approximating the dynamic or kinematic parameters.

The Demonstrations and analysis of a nonlinear system implemented direct MRAC are presented
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in [85]. The simulated and experimental results are shown in [86, 87], which proved that an MRAC
controller could afford a faster convergence transient and tracking performance than a PI controller.
The adaptive on-line adjustment mechanism of MRAC can be derived from the laws developed
in [88] or using a candidate Lyapunov function [89]. The comprehensive MRAC mathematical

model is shown as follows, and the plant is defined as

Ep(t) = Apzy(t) + Bpuy(t) (63)

and y,,(t) = Cpap(t), (64)

where A, B, C,, are the matrix in state-space form, and x,(t), y, (), up(t) are the states, output

and input of the plant in state-space form. The reference model is defined as

G (t) = Ao () + Bt (t) (65)

and y,, (t) = Crxpm (1), (66)

where A,,, B, Cy, are the state-space matrix of the reference model. A,, is a Hurwitz matrix,
which means the spectrum of A, is composed of eigenvalues with negative real parts. x, (%), Y, (t)
are the states, output of the reference model in the state-space form, and u,, (¢) is the trajectory input.
In this paper, the MRAC algorithm is derived according to the Command Generator Tracker
(CGT) shown in [85]. The derivation and stability examination of this controller is given and
demonstrated in [85]. The control diagram is shown as Fig. 30 (b).
The equations from (67) to (70) define the MRAC controller. 7(¢) is the input of the on-line

adaptive adjustment mechanisms
ey(t)
r(t) = |am(t)| 7

U (t)

where e, (t) is defined as y, (t) — yp(t). K (t) is the summation of the adaptive gains K, (¢) and the
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nominal gains K, (t) shown as (68). It can also be represented by gains of states in 7(t) as (69).

And the on-line adaptive adjustment mechanisms of K () are

Ka(t) = (ym(t) — yp()) 7" (1),

and Kn(t) = (ym (t) — yp(t) " (T,

(68)

(69)

(70)

(71

(72)

The Y and Y in the above equations should be positive definite and positive semidefinite coefficient

matrices. In our studies, ¥ = T = 10I3. Becasue the dynamics of our system exhibits similar

characteristics as a second-order system, a second-order system was picked as the reference model

for all degrees of freedom. And the A, and B,, of the reference model are defined as

0 I
A, =

T
m%zoﬁﬁ,

where I, is the identity matrix of size n. The state of the reference model z,, is

—wn2]13 —QWnC]Ig

T
Tm =X Y Zm Xm Ym Zm} ;

(73)

(74)

(75)

where X, Y, and Z,, are displacements along each axis, and respectively, Xm, Ym, and Zm

are the velocities. The plant and the reference model have the same states. The top and right-side
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cameras can gain position information. The velocity can be approximated by the amount of change
in the position measurements times the frame rate. We set the damping ratio of the reference model
¢ = 1 to make the reference critically damped and set the natural frequency w,, = 5rad/s, which
can yield a 90% rise time of about 0.8 sec. The chosen parameters (Y, Y, {, w,) were tuned through

a trial-and-error approach to minimize the mean tracking error.

3.5.4 Controller Comparison

In the previous subsection 3.5.2, the best and worse swimmers among all presented works were
Swimmer 2.0 and Swimmer 3.0, respectively. This section experimentally compared path-following
performance using the PI controller and MRAC on both the best and the worst swimmers. The rota-
tion frequency for all experiments is set as a constant value 68 Hz. The predefined circle trajectory
has a radius of 60 mm and placed in the x — y plane, where z = O m. Fifteen trials were conducted
for each combination of swimmer and controller.

The path-following results of MRAC shown in Fig 31(a) and (c) are the results with the pre-
trained adaption matrix to save the on-line adaption and convergence process time. The error is the
Euclidean distance between the current swimmer position and the desired path’s closest point.

The path-following controller comparison results of 2 mm pitch swimmer is shown in Fig. 31(a).
Because the 2.0 Swimmer was more stable than the other swimmers, both controllers’ tracking
curves were mostly overlapped. But the results of MRAC are concentrated in a low band compar-
ing to the oscillation of the PI controller. Table 2 shows the mean and standard deviation of the
position error of the PI controller and MRAC. Compared to the results of 2.0 Swimmer using the PI
controller, the MRAC significantly reduced the mean error by 56.75 % and the std by 44.44 %.

The path-following error results of the 3.0 swimmer are shown in Fig. 31(c). The numerical
results of mean = std for the PI controller and MRAC are shown in Table 2.

From Table 2, we can conclude that the MRAC significantly improved the tracking performance,
even using the 3.0 Swimmer comparing to the PI controller, and the MRAC reduced the mean error
by 75.0 %. The path-following performance of both swimmers using MRAC is within 6 mm, which

is one body length of the swimmer, considering the mean error + std. A box and whisker plot
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comparison of these controllers are shown in Fig. 31(b), which can more intuitively shows the
performance gap between two controllers. The on-line adaption and convergence process of 3.0
swimmer is shown as Fig. 31(d). The mean error decreased from 10 mm to 5 mm within 100 sec,
which is a fairly good accomplishment.
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Figure 31: The experimental results of the comparison between PI controller and MRAC. The de-
sired trajectory is a circle with z-axis = 0 mm, radius = 60 mm.

3.5.5 Path-Following Using MRAC

The 2.0 Swimmer and MRAC combination was used to follow a desired helical path to further
investigate the MRAC’s performance. The swimmer took off from the tank located at the left bottom
corner, shown in Fig. 32(a). The swimmer then went through three pairs of 8mm holes on the
transparent acrylic board with three layers of heights. The path-following trajectory of the robot is
presented in Fig. 32(a), and it contains ten trials. The mean error of this path-following trajectory is
4.2+4mm.

The swimmer is a non-holonomic robot, because the controllable degree of freedom is not equal
to total degrees of freedom. When the goal location is assigned, the swimmer can only go forward
or backward then make a turn to reach the goal location. If we consider a special case, such as in a

narrow channel, it’s better to retrieve the swimmer if it can back up. Thus, a forward & backward
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motion is a big help for this special scenario. There is one additional set of MRAC control structure
implemented in the program to achieve the backward path-following. The swimmer and applied
input’s body frame were flipped 180° during the backward movement. The forward and backward
adaption matrix of MRAC can be switched, respectively. The forward motion orientation is defined
as the helix tip leading shown in Fig. 32(c), and the backward motion orientation is defined as the
tail leading shown in Fig. 32(d). As trajectories shown in Fig. 32(b), the swimmer started from Point
A then moved forward to Point B. Then, the swimmer moved backward from Point B to Point A
with body frame and direction flipped. The swimmer’s forward motion trajectory is plotted in blue,
and the backward motion trajectory is plotted in red. The experiment results shown in Fig. 32(b)
contains ten trials. The mean error + std of the forward motion is 2.741.6 mm, and the mean error

=+ std of the backward movement is 3.5+2.0 mm.

Figure 32: Experimental results of two motion studies using MRAC controller. Both experiments
include 10 trails.
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3.6 In Vitro Clinical Application Studies
3.6.1 Motivation of Blood Clot Removal Studies

The blood clotting is also called coagulation, which stops blood leakage after a vein or artery is
damaged and forms a blood clot. The biological progress of coagulation is desirable, but if the blood
clot is excessively coagulated inside a blood vessel, it may cause a health crisis. According to the
reports in [90-95], one to two persons per thousand is negatively affected by a venous thrombosis
every year. Moreover, around 18 persons per thousand may die because of the arterial thromboem-
bolism [96]. Thromboembolism is usually treated by thrombolytic medications to dissolve the clot
or using a catheter-related thrombolytic therapy [97-100]. Although they are common treatment
approaches, both have some drawbacks. Thrombolytic medications could cause a life-threatening
becasue of the pharmacological mechanism prevents the coagulation. This phenomenon was re-
ported in [101, 102]. Catheter-based therapies use a long catheter inserted through arteries or veins,
then guided by advanced imaging devices. As [103, 104] reported, while the catheter is guided to
the target position, the body or the edge of the catheter may rub against the arteries’ inner wall,
which may detach arterial plaques. The detached plaques could travel within the bloodstream as the
surgery and produce a blockage somewhere else, which may cause other unpredictable threatening
or fatal consequences.

Miniature magnetic agents, such as the magnetic robot discussed in this section, are alternative
solutions to these problems. These agents could be guided with external input sources and move
along or against the bloodstream. Because of the complexity of actuation and control theory, the
concept of blood clot removal using magnetic agents is still in the preliminary stage. As discussed in
the previous section, researchers and scientists have evaluated it and studied it for decades. More-
over, more and more scientists started to investigate the feasibility of removing blood clots with
such agents. As reported in [64, 105-112], the magnetic swimmer can produce thrust by rotating
the helical shape fin and rub the clots with the screw-type or abrasive tip [113—-116]. A helical swim-
mer with a diameter of 0.3 mm and a length of 4 mm can achieve a blood cot remove rate at 0.614
mm?3/s [115]. The swimmer’s position was regulated and detected in 1D by using an ultrasound

scanner. And a model of rubbing on blood clots was proposed on [117]. For the 3D control studies,
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an open-loop control study was performed by Sunky et al. to navigate the swimmer inside an arti-
ficial 3D vasculature and remove thrombi models [118]. The studies of helical magnetic swimmers

closed-loop control inside a high viscosity fluidic environment were recently published [119-121].

3.6.2 Blood Clot Removal In Vitro Study

To prepare the in vitro study environment of blood clot removal, we used a SYLGARD™ 184
PDMS (Poly-dimethyl siloxane) elastomer to form a suitable channel for the thrombosis. PDMS has
been used in many biological or clinical studies, and many researchers have used PDMS to model
blood vessel [122]. As the manufacturer suggested, the elastomer resin is the mixture of 10 parts
resin to 1 part curing agent and keeps mixing for 20 minutes. The mixture was put into a vacuum
pump to get rid of the small air bubble. Finally, the elastomer resin was cured in a Petri dish with
a diameter of 100 mm for 24 hours at room temperature. Three aluminum rods with a diameter
of 3mm were used as a support to form the channels. After the PDMS mode is cured, the model
was cut, and the rods were removed. And the three channels allow us to allow performing three
blood clot removal tests simultaneously. These PDMS channels were used to perform the blood clot
removal tests reported in Section 3.6.3. A glass tube having an internal diameter of 3mm was used

in the combined navigation and blood clot removal experiment in Section 3.6.4.

Figure 33: Picture of three swimmers inside PDMS channels.

Experimental protocol All blood clot removal experiments followed this protocol. The blood

was taken from a healthy volunteer using a sterile lancet and dispensed onto a clean Petri dish.
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Fifty uL of blood was then pipetted into each channel while careful to avoid air bubbles, which
generally takes five minutes. The blood formed an approximately 5 mm long cylindrical column.
The clots were located about 10 mm away from the end of the inserted side of the channel. The
magnetic manipulator was pre-heated to 37°C with the heater at the bottom of the workspace; then,
the artificial blood clots were placed. The blood was left to solidify at this temperature for one
hour. Until there are five minutes left in the timer, the channels were taken out of the manipulator
and were filled with phosphate-buffered saline (PBS) to match the blood’s pH value. The PDMS
channels were then placed back into the magnetic manipulator and started the experiments when the
timer alarm. After the experiments, all Petri dishes and PDMS models in contact with human blood
were soaked and washed in 10% bleach to prevent contamination. Other materials were disposed of
in a biohazard or sharps disposal box.

A Canon EOS RebelSL2 camera was used to record the whole removal process. The time ¢ of
blood clot removal taken by the swimmers was measured using a stopwatch. After the clots were
completely removed, the removal rate was the ratio of clot volume and time ¢. If the clot was not

completely removed, the removal rate was calculated by the recorded video, respectively.

3.6.3 In Vitro Study Results

Blood clot removal tests were performed at 45 Hz for four different swimmer designs following
the experimental protocol described in the previous section. Table 3 summarizes the results of four
designs. Designs A and C exhibited relatively low removal rates, which are 0.3 mm?>/min, and 1.76
mm?3/min, respectively. The swimmer C can quickly penetrate the clot with the drill bit, but progress
significantly slowed down once the diamond powder-coated surface reached the clot. As Table 3
shows, design B and D showed higher removal rates. The low removal rate of designs A and C is
that their tips have a large contact surface area, which reduces the pressure applied to the clot and
increases the resistance that slows down the swimmer. Designs B and D have a smaller design tip
that applies a larger and shaper pressure on the clot, which applies greater mechanical stress on the
blood clot. The shape of the helical tip coated with diamond powder can rub the clot down from

the fibrin network, which results in higher removal rates. The sharp edges can stick into the clot,
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Table 3: Comparison between the removal rate of different swimmer designs at 45 Hz. A single test
was performed for each design. Design B has the highest removal rate.
Legend: m = diamond powder, 0 = acrylate, m = drill bit.

Removal rate
Swimmer Design  in mm?>/min Remarks

Experiment was stopped after
0.3 14 min due to slow progress.
Incomplete clot removal.

A blood clot with
12.3  volume of 50 mm?
completely removed.

Experiment was stopped after
1.76 14 min due to slow progress.
Incomplete clot removal.

Experiment was stopped after
4 min because swimmer
became stuck in the clot

and stopped rotating.

25

N
o
T

-
;]
T

S
¢

Clot removal rate, R, [mm3/min]

5 -
R,=0.904-R.-30.1
Coefficient of determination=0.71
O 1 1 1 1
30 35 40 45 50 55

Rotational speed, R =2nw [Hz]

Figure 34: model fit of blood clot removal rate vs rotation frequency.

while the smooth tip can not achieve a high removal rate. So it’s a trade-off on the tool design.
The removal rate of Design B at 45 Hz was 12.3 mm?®/s comparing to the thrombolytic medication,
streptokinase, which has a removing rate at 0.17 mm?/s [117]. Design D became stuck in the blood

clot and stopped rotating when approximately 20% of the clot was left.
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The blood clot removal rate is proportional to the rotation frequency as long as it below the step-
out frequency about 55 Hz. The relationship between R, and R, is approximately linear and can
be approximated by R, = 0.904 - R, — 30.1 with a coefficient of determination R?=0.76 shown
as Fig. 34. The maximum removal rate (20.13 mm?3/min) was observed at 50 Hz. The measured
values of removal rate present some inconsistency, shown in the relatively low R? value. Because
the experiments were performed over three weeks, the blood was volunteered by a single volun-
teer, which is not sufficient from a stochastic view. The measurements were performed at rotational
speeds lower than 55 Hz and, therefore, the swimmer did not step out of magnetic field synchro-

nization during the experiments.

3.6.4 Combined 3D Navigation and Blood Clot Removal

As demonstrated in Section 3.4.3, the type of swimmer B can perform 3D navigation and abrade
blood clots efficiently shown in Section 3.6.3. In this section, we would like to combine both 3D
navigation and blood clot removal as a single experiment. A 3 mm tube was attached perpendicular
to a 15 mm tube using epoxy resin. Both tubes are transparent, which allows the visual feedback
of the swimmer’s position with the Basler cameras. A 15 mm tube is vertically supported by two
plastics holder at the center of the workspace. A blood clot was made inside the 3 mm tube following
the protocol detailed in Section 3.6.2. The workspace was filled with PBS solution and heated to
37°C. A cylindrical case (diameter D = 15mm and height H = 15mm) was designed at the
bottom of the workspace. It was used to prevent the swimmer from moving in the workspace
between tests and ensured the same start location. The swimmer was programmed to exit the case
firstly, then enter the 15 mm tube from the bottom, and swim upward. It then made a sharp turn
to enter the 3 mm tube. The orientation controller described in Section 3.4.2 was used, and the
parameters are v = 1 and 3 = 4. These values were tuned with a trial and error approach to enable
a smooth entry inside the 3 mm tube. When the swimmer contacted the blood clot, the system
was switched to the open-loop blood clot removal mode, and the magnetic field was set to 45 Hz.
The total time of blood clot removal was 161 s. Snapshots from the video of the experiment are

presented in Fig. 35. This test experimentally demonstrates that a magnetic swimmer can perform
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Figure 35: Snapshots from the video the combined 3D closed-loop path following and blood clot
removal experiment.

both the functionalities of 3D navigation and blood clot removal for the first time.
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4 ULTRASOUND GUIDANCE STUDIES

4.1 Introduction

As mentioned in Section. 3.6.1, a blood clot may be life-threatening if the blood clot blocks
a blood vessel. A life-threatening blood clot is usually formed in a vein or artery to stop blood
leakage when a bleeding point occurs. However, the blood clot may detach and flow to deep-seated
regions along with the bloodstream and cause a health crisis. In general, there are two treatment
approaches, thrombolytic medications, and catheter-related thrombolytic therapy. Still, negative
side effects come with these two methods, and medical precautions and comprehensive tests are
necessary to avoid or compensate for the negative side effect. As demonstrated in [123], the side
effect of thrombolytic medications can be compensated through drug delivery using micro-robot or
deceives controlled with the external input sources. As we have discussed so far, the magnetic robot
is one of the most guaranteed clinical studies agents.

There is also some famous external magnetic system generally used for academic studies such as
a Helmholtz coil. In [124], Vonthron, Manuel group has proposed and demonstrated the preliminary
experimental studies on the potential of integrating the MRI scanner with a micro-robotic navigation
system. The pioneer results prove the clinical values of the magnetic robot and the validation that the
MRI can be the external magnetic source. Moreover, the MRI can also provide imaging feedback
for closed-loop control. Most research groups use the visual system for the feedback sensor used
in the closed-loop studies of the magnetic robot system. And we have used two Basler cameras
in our previous control studies to capture the positioning information of the magnetic swimmer.
Because the blood clot is formed in the vein, artery, or deep-seated region of the human body, the
visual feedback can not be the option to provide the magnetic robots’ location information. Thus,
other feedback sources should be considered for the clinical application in vitro study instead of the
cameras. As mentioned above, the MRI is one of the guaranteed image processing for diagnosis and
can also provide an external input source. Still, for academic studies and lab works, the ultrasound
is a better replacement comparing to the radiation exposure caused by X-ray. As the Islam S. M.

Khalil et al. has demonstrated in [115], they have proposed and analyzed the experimental studies
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on blood clot rubbing using ultrasound as positioning information feedback for the closed-loop
control of the magnetic robot. This chapter will then focus on the feasibility studies on combining
an ultrasound as a feedback sensor instead of the camera in our magnetic system. Comparing with
results and experimental setups shown in [115], the workspace of our system is much bigger. And
our studies focus on 3D navigation, so our 2D ultrasound transducer can not be seated at a single
position on the workspace. To solve this problem, we would like to employ a UR3 robot arm to
carry the ultrasound probe to move, track, and provide the positioning information of our magnetic
swimmer.

In this section, we would like to discuss three aspects to integrate ultrasound into our system
to provide the positioning feedback for the closed-loop control. In the first subsection, we would
like to review the kinematics concepts of the robot arm for tracking and impedance control to keep
a constant contact force and guarantee a high-quality ultrasound image for the control system. The
approaches for improving the quality of ultrasound images of our magnetic swimmer and detection
algorithms were then presented. Finally, the experimental studies are presented, and the results are

analyzed in the last subsection.

4.2 Robot Arm Control
4.2.1 Kinematics of UR3

A single robot pose can be described in robotics studies and presented in two formats, joint
space and cartesian space. For a robot arm, the joint angular position and tool center point(TCP)
orientation and position can mutually be transformed by the forward and inverse kinematics cal-
culation. The robot arm can be thought of as a link chain of various joints such as revolute and
prismatic joints. Each joint has a single-degree-of-freedom. So the objective of forward kinematic
18 to determine the cumulative effect of the entire link chain, from the base to TCP. For the universal
robot shown as Fig. 36 presented in [125], the UR robot has six links numbered from 1 to 6 starting
from the base. Here we define a homogeneous matrix A;, which can transform a point p;from frame

7 to frame ¢ as

p; = Al(pi), (76)
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Figure 36: The joint frames of UR robot.

where 7 indicates the target frame and j is the current frame. In general the homogeneous matrix
Ag has the form as

- |R
Al=1|" "], (77)
where the position and orientation of frame j with respect frame ¢ is denoted by a 3 x 1 vector dg

and a 3 x 3 rotation matrix Rf . Conventionally, a transformation matrix Tij is denoted as

, R &
T) = Aj1Aiga - Aj A= | (78)
0 1
For the universal robot and the frames is defined as Fig. 36, the transformation matrix 7° g ase 18
Tg’ase = Téase ’ T12 ’ T23 ’ Tgl ’ Téir) ’ TE? (79)

The rotation matrix R{ is denoted as the orientation of frame j respect to frame 7, and it is given
by

Rl =Ri*!...RJ (80)

j—1-
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And the vectors dg is recursively computed by

& =dl"' + R, 81

(2

this equation will be used in later description of Jacobian matrix.
In the robotics application, the most commonly used convention for selecting the reference
frame is the Denavit-Hartenberg or, in brief, called the DH matrix. In this convention, the homoge-

neous transformation matrix A/ is presented as a product of four “basic” transformations

Ag = Trans,, ,(dy)- Rot,, ,(0y) Transg, (a,) - Roty, (o),

1 00 O
01 0 O
Trans,, ,(d,) = ,
0 0 1 d,
0 0 0 1
cosf, —sinf, 0 O

Rotz,_, () ’

0 0 10
0 0 01 (82)
_1 00 O -
Transg, (an) = oo ,
0 01 dy,
0 00 1
_1 0 0 0_
0 cosaq, —sina, O

Rot,, (o) = ;
0 sino,, cosa, O

0 0 0 1

where d,, is the translation displacement along z-axis of frame n—1, 0,, is the rotation angle about z-

axis of framen — 1, a,, is the translation displacement along x-axis of framen, and «, is the rotation
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Table 4: UR3 DH Parameters

UR3
Kinematics| 6 a[m] d [m] « [rad] | Dynamics | Mass Center of
[rad] [kg] Mass [m]
Joint 1 0 0 0.1519 /2 Link 1 2 [0, -0.02,
0]
Joint 2 0 -0.24365 | O 0 Link 2 342 [0.13, O,
0.1157]
Joint 3 0 -0.21352 | 0 0 Link 3 1.26 [0.05, O,
0.0238]
Joint 4 0 0 0.11235 /2 Link 4 0.8 [0, 0,
0.01]
Joint 5 0 0 0.08535 -m/2 Link 5 0.8 [0, 0,
0.01]
Joint 6 0 0 0.0819 0 Link 6 0.35 [0, O, -
0.02]

angle about z-axis of framen. Thus, we can use 4.2.1 to compute the position and orientation
of the TCP. The DH parameter table of UR3 can be found through the URL link [125], which is
shown as Table. 4. If the desired TCP position and orientation are given, each joint position can be
calculated using inverse kinematics. Unlike forward kinematics, inverse kinematics is usually much
more difficult and may or may not have a solution for a certain position and orientation, which is
called the singularity. Even the is a solution for the inverse kinematics, it may or may bot unique.
Generally, the inverse kinematics can be solved by Kinematic decoupling and geometric approach,
which we will not discuss further for these two approaches.

We have seen the forward kinematics equation for the transformation between Cartesian space
and the joint space. Suppose we want to find the relationship between velocity, force, torque be-
tween joints. In that case, the Jacobian matrix builds the linkages of all, which is also one of the
most important quantities to analyze and control the robot motion. The Jacobian can be thought as
a vector version of the ordinary derivative of a scalar function. Because the Jacobian present the
velocity relationship between joint, so it is defined as

n
VBase

= JgaseCL (83)

n
WBase
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where v}, and wp . are the linear, and angular velocity of framen respect to Base, J},,, is the
Jacobian matrix of framen respect to Base, and ¢ is the vector of joint velocity. And the J3, . is

given by

Jo
I Base = : (84)

Ju

The Jacobian matrix of a robot arm lik manipulator has the form

J—|:J1J2...Jn:|. (85)

If the joint ¢ is revolute, the ¢-th column of .J is given by

Ji = ; (86)

Ji = ; 87)

where z;_1 is the unit vector of frame 7 — 1 expressed in the orientation of the base frame, which
can be computed by

2 = RIK, (88)

where K = zy = [0, 0, 1]. And the conversion between torque 7 and force F' by using the Jacobian

matrix are

r=J'F (89)

and F = (J1)" 17, (90)

In our studies, the UR3 is programmed in Robotics Operation System (ROS) with Python and C++.
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The Universal robot provides the UR robot driver, So all the dynamics and kinematics calculation

was included.

4.2.2 Hybrid Control

Ultrasound is extensively used in medical diagnosis as a non-invasive tool. We plan to use the
ultrasound as a replacement for the camera to provide the positioning information of the magnetic
swimmer for the closed-loop control and carried by UR3 robot arm. Generally, the ultrasound
probe is held and angled by an ultrasonographer to capture ultrasound images, but the contact force
and heading orientation are implicit. A hand-controlled design was proposed in [126] to quantify
the force and orientation, and an instrumentation strategy for freehand imaging was demonstrated

in [127]. For our case, the UR3 would be the operator.

Path * ~
Trajectory
X, X
S N Path
Controller +
Inverse
. » Robot
Dynamics
Force +
Is >
Controller
Fe
Desired + -
Force /

Figure 37: Hybrid control architecture.

The impedance control and compliance motion of the robot arm should be discussed. The
compliance motion refers to the task of the robot arm’s end effector is continuously contacting an
environmental surface or object. The trajectory of the end-effector is modified by the occurring
contact force, such as the task of pegging, opening a door, painting, etc. The compliance motion
can be categorized as active compliance and soft compliance. As described in [128], for the active
compliance, the control system is programmed to react to the contact force with the force sensor
feedback, or the contact force can modify the trajectory of the end effector becasue of passive com-

pliance. And it can also be further categorized by the stiffness of the contact surface or object. In

75



this sector, we are mainly focusing on active compliance motion. Many force control algorithms
have been proposed for the robotics manipulators, and most of these approaches can be concluded as
impedance control and hybrid control. The impedance control is more as an approach for the force
control. For the robot arm, the impedance control does not directly control the force or tracking a
force trajectory. It regulates the force by adjusting the relationship between velocity and force, or
position and force. However, hybrid control is a position/force control scheme, which designed the
control law for both position and force. With the concept of hybrid control, the parallel approach
control law was proposed in [129], and adaptive approach was presented in [130], on-line learning
and neural network learning control algorithm was demonstrated in [131, 132]. There is another
common control structure called Inner/outer loop control that was introduced in [133]. The control
law for the inner loop is nonlinear feedback linearization or inverse dynamics control as presented
in [134], and the outer loop is an additional control law to achieve the objective of tracking, dis-
turbance rejection, and robustness. Our study utilized a similar approach as [133], and the control
architecture is shown in Fig. 37. As shown in Fig. 37, the  and & are the robot positioning and
velocity states, Fr is the force feedback measured by the force sensor. In our case, the ROBOTIQ
force-torque sensor FT300 amounted to the end effector of UR3. The path and force controller was
implemented by the PI and PD controller to simplify the control law for feasibility studies. The S
is the selection matrix defined as a diagonal matrix, corresponding to the degree of freedom of the
end effector in the compliance frame and position control. [ is an identity matrix, and I — S is to
select the degree of freedom for force control. The force is mainly along the z-axis in our studies,

and the end effector motion is mainly along x and y-axis. So, the selection S is defined as

1 00
S=10 1 of- on
000

4.2.3 Preliminary Results of Hybrid Control

The preliminary studies on hybrid control were performed with ROS and MATLAB to verify the

communication between ROS and MATLAB, and the probe was moving against a hard copy book.
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(a) (b)

4 |

Figure 38: Schematics of ultrasound prob holder and fake model.

(c)

There were two computers connected with Ethernet cable through a router. The ROS and MATLAB
setup and programming scripts can be found in [135]. The ROS works under Linux system, and
serve as the ROS master, the MATLAB and ROS communicated with each other through IP address.
For the ROS side, the force vector’s messages, end effector position information, and other control
flags were published through publishers and subscribed by the MATLAB side. The functions such
as pose initialization, docking(approach to the target at 3 mm/sec until the contact happened) were
programmed in ROS. The trajectories of the end effect while executing such functions can be mon-
itored from the MATLAB side. The desired circle trajectory was predefined in MATLAB. After
the control input was computed based on the hybrid control law discussed above, the end effector’s
current position, and the leading point, the control input was sent back to the ROS side. Finally, the
arm was driven by the Universal Robot driver according to the control input. For the safety consid-
eration, the preliminary studies were performed with the fake probe. The fake probe is 3D modeled
as the real ultrasound probe shown as Fig. 38 (a), and the probe holder is shown as Fig. 38 (b).
The schematic of the assembled holder, probe, and FT300 is presented as Fig. 38 (c). Finally, the
3D printed fake probe and holder is shown as Fig. 38 (d) and attached to the end effector of UR3.
The results of preliminary studies are presented in Fig. 39. As shown in Fig. 39 (a), the desired
trajectory was defined as a circle, the trajectory of the end effector was code in color by time. The

ramp pattern between predefined circle trajectory and colored circle trajectory of the end effector is
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the trajectory of adaptive process of docking. The adapted predefined circle trajectory is overlapped
by the color tracking trajectory of the end effector. The contact force between the fake probe and
hard surface is shown in Fig. 39 (b), the desired force set as —5 N. The big dip at the beginning
is the first contact of the docking process. During the tracking process, the force is shown as the
middle part, and the contact force of idle status is the following. Because of the friction and noise
in force data, the force trend is smoothed and shown as the red line around —5 =+ 1.5 N and the final
force of idle statue is —5.6 N. The bump in the inactive status is artificially caused to demonstrate

that the force control can be affected by an unstable base of the robot or target.
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Figure 39: Preliminary results of hybride control: (a) shows the docking and tracking process, (b)
presents the force recorded during the tracking.

4.3 Ultrasound Image Detection

Besides the control algorithm and robot arm, the most important component is the imaging pro-
cessing for swimmer detection. In this section, we would like to discuss several challenges, such
as dynamic background, denoising, and moving object detection. The proposed method works for
real-time ultrasound detection, which has a strict requirement on the processing speed. In this sec-
tion, we only discuss the conventional imaging processing and object detection using the OpenCV
library rather than other advanced techniques like the concept of deep learning, machine learning, or
other popular neural networks such as Resnet50, YOLO, etc. The OpenCV is an open-source com-
puter vision API, which includes more than 2500 functions and algorithms from the classics to the

most recent state-of-art. And this library is suitable for Python, C++, Java, and other programming
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languages. The proposed imaging process is mainly programmed in Python and includes threshold

image, color conversion, logistic operation, and morphological transformation.

4.3.1 Ultrasound Programming

Our ultrasound detection study used the Verasonics 32 LE ultrasound system with a 64-element
phased array transducer. The system is majorly designed as a flexible programmable tool for trans-
mitting, receiving, and processing studies programmed by MATLAB. The system hardware struc-
ture will not be presented in this section, but the MATLAB program will be reviewed. The program
of Verasonics is called a sequence program, and we assume the reader is familiar with MATLAB.
The MATLAB is installed on the Verasoncis host computer, and the host computer is connected to
the Vantage Unit(Ultrasound hardware) via PCI express cable. The ultrasound imaging process is
programmed in event sequence as follows: (i) Transmit an unfocused burst of ultrasound and emit a
plane wave that propagates over the transducer’s field of view. (ii) Acquire the RF receive data for
all receive channels from the transmit event. (iii) Transfer these data to the host computer. (iv) Stop
sequence and return control to Matlab. The program consists of a defining system parameter, at-
tributes, and sequence of hardware and software events. All parameters are defined in a setup script
with MATLAB structures. The setup script is then run and saved as a .mat file. To run the pro-
gram, the user should direct to the vantage directory and run the command “activate” in MATLAB
to active the vantage system, then type VSX (Verasonics Script eXecution) to run the desired pro-
gram with the name of the .mat file. VSX then parses the predefined MATLAB structures, adds any
missing attributes needed to program the system, loads the sequence into the software and hardware
sequencers, and tells the sequencers to run.

clear all

P.iter = 1;

P.startDepth = 5;

P.endDepth = 160; % Acquisition depth in wavelengths
P.record = 0;

% Define system parameters.
Resource.Parameters.speedOfSound = 1540;

Resource.Parameters.speedCorrectionFactor = 1.0;
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29

30

Resource.Parameters.verbose = 2;

Resource.Parameters.initializeOnly = 0;
Resource.Parameters.simulateMode = 0;
% Resource.Parameters.simulateMode = 1 forces simulate mode, even if hardware

is present.

% Resource.Parameters.simulateMode = 2 stops sequence and processes RcvData
continuously.
Resource.System.SoftwareVersion = [4 0 0]; % Minimum software release for this
script.

Resource.System.UTA = ’"260-MUX’; % This script requires the 260-MUX UTA.

% Specify Resources.

Resource.RcvBuffer(l) .datatype = "intl6’;

Resource.RcvBuffer (l) .rowsPerFrame = 2%x4096; % two acquisitions per frame
Resource.RcvBuffer (l) .colsPerFrame = Trans.numelements;
Resource.RcvBuffer (1) .numFrames = 100; % 100 frames used for RF cineloop.

Resource.InterBuffer (l) .numFrames g % one intermediate buffer used.
Resource.ImageBuffer (1) .numFrames = 10;
Resource.DisplayWindow(l) .Title = ’"P4-2vFlash_32LE’;
Resource.DisplayWindow (1) .pdelta = 0.35;
ScrnSize = get (0,’ScreenSize’);
DwWidth = ceil (PData(l).Size(2)*PData(l) .PDelta(l)/Resource.DisplayWindow (1) .
pdelta);
DwHeight = ceil (PData(l) .Size (1) «PData(l).PDelta(3)/Resource.DisplayWindow (1) .
pdelta);
Resource.DisplayWindow (1) .Position = [250, (ScrnSize (4)- (DwHeight+150))/2,
% lower left corner position
DwWidth, DwHeight];

Resource.DisplayWindow (1) .ReferencePt = [PData(l).Origin(l),0,PData(l) .0Origin

(3)1; % 2D imaging is in the X,Z plane

Resource.DisplayWindow (1) .Type = ’Verasonics’;
Resource.DisplayWindow (1) .numFrames = 20;
Resource.DisplayWindow (1) .AxesUnits = "'mm’;

Resource.DisplayWindow.Colormap = gray (256);

Listing 1: Variables and Resource Structure
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S}

[

The P shown in the code present a global structure variable, Piter is define for numbering the
saved images, P.record is to control the image saving, P.startDepth and P.endDepth are to set the
ultrasound detection range, which is in the unit of wavelengths. All the basics parameter and system

version are set in Resource structure, including the interface of MATLAB.

Trans.name = 'P4-2v’;

)

Trans.units = ’'wavelengths’; % Explicit declaration avoids warning message
when selected by default
Trans = computeTrans (Trans) ;

Trans.maxHighVoltage = 50; % set maximum high voltage limit for pulser supply

Trans = computeUTAMux64 (Trans); % Add HVMux field for use with UTA 260-Mux

Listing 2: Transducer structure

This piece of the script is used to define the transducer’s structure parameters; in our case,
we use a P4-2v ultrasound transducer, and the maximum voltage is 50 V. The vantage function
computeUTAMux64 computed the result of attributes. The attributes of transmit waveform (TW)
and transmit action (TX) was defined as following.

% Specify Transmit waveform structure.
TW.type = 'parametric’;

TW.Parameters = [Trans.frequency, .67,2,1];
% Set up transmit delays in TX structure.

TX.waveform = 1;

TX.Origin = [0,0,0]; % set origin to 0,0,0 for flat focus.
TX.focus = —-P.radius; % set focus to negative for concave TX.Delay profile
TX.Steer = [0,0];

[}

TX.Apod = ones(l,Trans.numelements); % set TX.Apod for 64 elements
TX.aperture = 1;

TX.Delay = computeTXDelays (TX) ;

Listing 3: Transmit waveform and action structure
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5

16

The second step of the sequence programming is to define the parameters for receiving echo
signals from the plane wave transmit and store in local memory. The analog signal amplifiers on
each receive channel should be programmed and specify how they are digitized, filtered, and stored.
The receiver amplifier gain controlled by and defined as a TGC (Time Gain Control) waveform,
which defines the receiver gain as a function of time from the transmit burst as following

% Specify TGC Waveform structure.
TGC.CntrlPts = [0,467,535,653,690,811,942,1023];
TGC.rangeMax = P.endDepth;

TGC.Waveform = computeTGCWaveform (TGC) ;

Listing 4: Time Gain Control(TGC)

The receive operation should be defined to specify other attributes of the input signal processing.
The Receive structure sets the parameters, including how long the receive period should run, which
is used for the TGC waveform, how to sample and filter the received data, and The buffer for storing

the RF data.

% Specify Receive structure arrays.

maxAcglength = ceil (sqgrt (P.aperture”2 + P.endDepth”2 - 2xP.aperture*P.endDepth
xcos (P.theta-pi/2)) - P.startDepth);

Receive = repmat (struct ('Apod’, [zeros(l,16),ones(1l,32),zeros(1l,16)],

"startDepth’, P.startDepth,

"endDepth’, P.startDepth + maxAcglLength,

"aperture’, 1,...

"TGC’, 1,

"bufnum’, 1,

"framenum’, 1,

"acgNum’, 1,

"sampleMode’, ’"NS200BW’,

"mode’, O,

"callMediaFunc’,0),1,2xResource.RcvBuffer (1) .numFrames) ;

% — Set event specific Receive attributes.
for 1 = l:Resource.RcvBuffer (l) .numFrames
Receive (2xi-1) .framenum = i;
Receive (2+1i) . framenum = i;
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18 Receive (2x1i) .acgNum = 2;

19 Receive (2x1i) .Apod = [ones(l,16),zeros(1l,32),0ones(1l,16)];
20 Receive (2+i) .callMediaFunc = 1; %active simulated media movement
21 end

Listing 5: Recieve Structure

The Recon structure contains the parameters for constructing the ultrasound image, which spec-
ifies the buffer number to use, construction mode, etc. The —1 in the structure means to use the
latest image buffer.

% Specify Recon structure arrays.

)

Recon = struct (’senscutoff’, 0.5,
3 "pdatanum’, 1,

4 "rcvBufFrame’, -1,

5 "IntBufDest’, [1,1],

6 "ImgBufDest’, [1,-1],

7 "RINums’, 1:2);

9 % Define ReconInfo structures.

10 ReconInfo(l) = struct ('mode’, ’'replaceIlIQ’,

11 "txnum’, 1,

2 "rcvnum’, 1,

13 "regionnum’, 1);

14 ReconInfo(2) = struct('mode’, ’'accumIQ_ replacelntensity’,
15 "txnum’, 1,

16 "rcvnum’, 2,

17 "regionnum’, 1);

Listing 6: Reconstruction Structure

A series of processes are defined, including Receive, TX, Recon, SeqControl, in the process
structure array. And a single sequence specification is defined as the event in a for-loop to spec-
ify all operations’ order. Finally, the acquisition data was transferred from local memory on the

Acquisition Modules to the RcvBuffer in the MATLAB.

% Specify Process structure array.
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pers = 20;
Process (1)

Process (1)

.classname =

" Image’;

.method = ’imageDisplay’;

Process (l) .Parameters = {’/imgbufnum’,1, ... % number of buffer to process.
"framenum’, -1, ... % (-1 => lastFrame)
"pdatanum’,1, ... % number of PData structure to use
"pgain’,1.0,... % pgain is image processing gain
"reject’,3, ... % reject level 50

"persistMethod’,’ simple’, ...
"persistlLevel’ ,pers, ...
"interpMethod’,’4pt’, ...
"grainRemoval’,’none’, ...
"processMethod’,’none’, ...
"averageMethod’, ’none’, ...
"compressMethod’,’power’, ...
" compressFactor’, 100, ...
"mappingMethod’,’ full’, ...

)

"display’,1,... % display image after processing

"displayWindow’,1};
Process (2) .classname = ’'External’;
Process (2) .method = "myProcFunction’;
Process (2) .Parameters = {’srcbuffer’,’image’, ...
"srcbufnum’,1, ...

"srcframenum’, -1, ...
"dstbuffer’,’none’};

% Specify SegControl structure arrays. Missing fields are set to NULL.

SegControl (1) .command = ' jump’; % - Jump back to start.

SegControl (1) .argument = 1;

SegControl (2) .command = ’'timeToNextAcq’; % set time between acquisitions
SegControl (2) .argument = 1000; % lmsec

SegControl (3) .command = ’'timeToNextAcq’; % set time between frames
SegControl (3) .argument = 9000; % 1lOmsec total frame iterval (7100fps)
SegControl (4) .command = ’'returnToMatlab’;
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nsc = 5; %

o

for i = l:Resource.RcvBuffer (l).numFrames
Event (n) .info = ’'center of receive aperture’;
Event (n) .tx = 1;
Event (n) .rcv = 2*xi-1;
Event (n) .recon = 0;
Event (n) .process = 0;
Event (n) .segControl = 2; % acquisition PRI
n = n+l;
Event (n) .info = ’"edges of receive aperture’;
Event (n) .tx = 1;
Event (n) .rcv = 2*i;
Event (n) .recon = 0;
Event (n) .process = 0;
Event (n) .segControl = [3,nsc];
SegControl (nsc) .command = 'transferToHost’;
nsc = nsc + 1;
n = n+l;
Event (n) .info = ’'Reconstruct’;
Event (n) .tx = 0;
Event (n) .rcv = 0;
Event (n) .recon = 1;
Event (n) .process = 1;
Event (n) .seqControl = 0;
n = n+l;
Event (n) .info = ’Call external Processing function’;
Event (n) .tx = 0;
Event (n) .rcv = 0;
Event (n) .recon = 0;

nsc is count of SeqgControl objects

Listing 7: Process Structure

% Acquire all frames defined in RcvBuffer
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Event (n) .process = 2;

Event (n) .SegControl = 0;

if floor(i/3) == 1i/3 % Exit to Matlab every 3rd frame
Event (n) .segControl = 4;
end

end
Event (n) .info = ’Jump back to first event’;
Event (n) .tx = 0;

Event (n) .rcv = 0;

Event (n) .recon = 0;
Event (n) .process = 0;
Event (n) .segControl = 1;

Listing 8: Event Sequence Specification

UI(3).Control = {’UserB2’,’Style’,’VsSlider’,’'Label’,’Record’, ...
"SliderMinMaxVval’, [0,1,0],"SliderStep’,[1,1],’ValueFormat’,’%3.0£f"};

UI(3) .Callback = text2cell (' $RecordCallback’);

%RecordCallback

P = evalin(’base’,’"P’);
P.record = UIValue;
assignin(’base’,’P’, P);

%$RecordCallback

Listing 9: GUI and Callback Funtion

One additional GUI was define at userB2 location with a VsSlider. This GUI slider is used
to control the process of saving the ultrasound images. And the value of P.record was changed
accordingly in its callback function. The callback functions are identified and enclosed by the
symbol % + name.

SEF#1
myProcFunction (RData)

persistent myHandle
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P = evalin(’base’,’P’);
gray_img = mat2gray (RData);
gray_img = imresize(gray_img, [500 NaN]);
if P.record
imwrite (gray_img, [pwd ’/Verasonics_Haoran/Images/Scene/scene’,num2str (P.
iter),’ .png’]);
imwrite (gray_img, [pwd ’/Verasonics_Haoran/Images/scenel.png’]);
P.iter = P.iter+1;
assignin (’base’,’P’, P);
end

SEF#1

Listing 10: External Funtion

The External process is defined in the process structure array, set to extract the latest frame
buffer. In the external callback function shown above, the latest frame buffer is converted from the
mat file to a gray-scale image, reshaped to a 500-pixel height frame. The if statement is controlled
by Precord, and there are two imwrite inside it. One imwrite is used to save all the latest frames
as individual images for future studies. Another one is keeping overwriting on the same image to
reduce the transmission between MATLAB and ROS, instead of searching all the frames and finding
the latest one. Such a process is that the script for the communication between MATLAB and ROS
can not be added to the ultrasound setup script. And when the MATLAB executes the ultrasound
script, the communication script can not be run as a multi-thread or other CPU core. However,
taking advantage of a multi-core computer, the communication script is run in another MATLAB
session. Moreover, there is no official way to share the variables between the workspace of two
sessions. To fix this problem, we used the external function to save the frames to the directory
during the scanning and used another script to grab the latest frames and transmit to ROS. Although
this method is not elegant, and sometimes the latest frame can not be grabbed because the imwrite

function is not completed, the high FPS (about 100 to 110FPS) compensated for this issue.
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Figure 40: Echogenicity results of the metal coating.

4.3.2 Swimmer Detection

After saving, grab, and sending the latest frame from MATLAB to ROS, there is only one step
missing: the swimmer detection. Due to our magnetic swimmer’s size and echogenicity, which
has the same design as 2.0 Swimmer. It can not be detected by ultrasound in static, because the
reflected wave is too weak to be detected. However, we found that the metal material generally
possesses a higher echogenicity, so a metal powder layer was coated on the swimmer to validate our
hypothesis. The coating was manually coated for the preliminary tests with epoxy resin and metal
powder mixture on two times upscaled design. The coating thickness may varied case to case. The
results are shown in Fig. 40. As the results showed, the swimmer can be slightly seen when coated
with the epoxy resin layer because of the inserted magnetic size. In this study, mica, aluminum,
and copper have been used because they the most common commercially available powder on the
market. The mica is slightly better than an epoxy layer. However, aluminum and copper can be
well seen. So the metal powder can improve the echogenicity and visibility of our swimmer in the

ultrasound image. So the final version of our swimmer 2.0 is coated with nichrome on one side.
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For the swimmer detection study, the swimmer was put into a PMDS cube model with a 3 mm
diameter water-filled channel. The PDMS model was placed in the middle of our magnetic manip-

ulator’s workspace. The swimmer is open-loop control to iteratively go forward from one side to

another side then go backward. For the flash mode detection of ultrasound, which transmits a flat

Figure 41: Ground truth study: The sequence images presented the Doppler detection results, which
is aligned with the central axis of the ultrasound transducer.
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wave, the ultrasound image is on a gray-scale. Because of the poor quality of this mode, the swim-
mer is detected with a long comet-tail due to the high echogenicity of the metal. Other detection
modes can be chosen, the only reason to use this mode is that it has the highest PFS, about 110
FPS, compared to others, about 30 FPS. It is necessary for the transmission between MATLAB and
ROS, considering frame losses. Because of the low quality, a method or an approximation should
be proposed for the detection. So we record the video of the swimmer and save the ultrasound
frames using Doppler mode. The Doppler mode can detect the object’s velocity and the water flow,
then code it with color. The ultrasound frame was converted as a video. The swimmer started and
stopped simultaneously in both videos with the resolution of 0.01 ms. Then, the video is edited
at the same duration as the video recorded by the camera. The results are shown in Fig. 41. The
snapshots are shown in Fig. 41 were aligned between the central line of the ultrasound frames and
the central line of the ultrasound probe. The time of this series of the snapshot was shown on the
left corner. From the images, the swimmer and the walls of 1D channel is distinguished from the
background. So we can conclude that the swimmer can be approximated at the moving shadow

center. This assumption is used for later studies.
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The detection algorithm is mainly programmed in Python using OpenCV and integrated as a
topic in ROS. the diagram of the detection is shown as Fig. 42. After getting the read the latest
frame at the ROS side, the frame is passed to the contrast brightness function to adjust the pixel

values, and the function is shown as following

def contrast_brightness (cur_frame_gray, alpha, beta):
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new_image = cur_frame_gray.copy ()
m, n = new_image.shape
new_image[:, :] = np.clip(np.ones([1l, n]) * alpha » cur_frame_gray + np.ones
([1, n])xbeta, 0, 255)
return new_image
The new image was converted as a binary image and applied with the ROI mask shown in
Fig. 42. Because of the speckle and echo overlapping, there are white dots in the ultrasound frames.

This noise was removed by OpenCV findContours function, and the white dots were filled as back-

ground according to the size. All describe steps are programmed in the preprocess function.

def preprocess (img, alpha=2, beta=-50):
img = contrast_brightness (img, alpha, beta)

img = cv2.threshold(img, 30, 255, cv2.THRESH_BINARY)

—

contours, _ = cv2.findContours (img, cv2.RETR_TREE, cv2.CHAIN_APPROX_SIMPLE)

for ¢ in contours:

area = cv2.contourArea (c)

# Fill very small contours with zero (erase small contours).
if area < 30 or area > 2500:
cv2.fillPoly (img, pts=[c], color=0)
continue
reutrn img
The new image after prepossess was passed to the find contour function. In this function, we
implemented two functions to localize the swimmer. The first functions are programmed, referring
to the concept of K nearest neighbor(KNN). Even after the denoise process, there are still multi-
contour boxes that appear around the swimmer position. These contours are produced by the high
echogenicity of the metal powder. So to compensate for the effect, we implemented the concept
of KNN to categorize and merge the nearby contour. The sorting algorithm, selection sorting, was
then implemented to refine the merging. Finally, the swimmer’s contour box was plotted on the

frames, and the center of the contour was passed the control algorithm for the closed-loop control.

The whole find contour function is shown as following.
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def find_contour (img) :

contours, _ = cv2.findContours (img, cv2.RETR_EXTERNAL,
)

# merge nearby contour -->k nearest neighbour

contoursRect = []

for ¢ in contours:

[x, v, w, h] = cv2.boundingRect (c)

if not contoursRect:

contoursRect.append((x, y, w, h))

else:

index = -1

mind = float (’inf’)

# find the closest contour landmark in contoursRect

for i, dims in enumerate (contoursRect) :

[xr, yr, wr, hr] = dims

cv2.CHAIN_APPROX_SIMPLE

dist = np.sqgrt((x + w / 2 — xr —wr / 2) ** 2 + (y +h / 2 - yr — hr / 2) %%

2)
if dist < mind and dist < 50:
mind = dist

index = i

if index == -1:
contoursRect.append ((x, y, w, h))
else:

# merge the closest contour

arr = []

[xr, yr, wr, hr] = contoursRect [index]
arr.append((xr, yr))

arr.append((xr + wr, yr + hr))
arr.append((x, y))

arr.append((x + w, y + h))

X, vy, w, h = cv2.boundingRect (np.asarray (arr))

contoursRect [index] = (x, y, w, h)

n = len (contoursRect)
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while i < n:

w
O

36 # refine contour landmarks and merge close contour (selection sort)
37 [x, v, w, h] = contoursRect[i]

38 index = -1

39 mind = float ("inf’)

40 if 1 + 1 < n:

41 for j in range(i + 1, n):

42 [xr, yr, wr, hr] = contoursRect|[]j]

43 dist = np.sqgrt((x + w / 2 — xr — wr / 2) ** 2 + (y +h / 2 — yr — hr / 2) *%
2)

44 if dist < mind and dist < 50:

45 mind = dist

46 index = j

47 if index == -1:

48 i +=1

49 continue

50 else:

51 arr = []

52 [xr, yr, wr, hr] = contoursRect[index]
53 arr.append ( (xr, yr))

54 arr.append((xr + wr, yr + hr))
55 arr.append((x, vy))
56 arr.append((x + w, y + h))

57 X, y, w, h = cv2.boundingRect (np.asarray (arr))

58 contoursRect [i] = (%, y, w, h)
59 del contoursRect [index]

60 n -=1

61 i+=1

62

63 return contoursRect
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4.4 Experimental Studies

4.4.1 Experimental Setup
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Figure 43: System network.

The final system for the ultrasound and UR3 studies is consists of a LabVIEW PC, a Matlab PC,
a ROS PC, a magnetic manipulator, a UR3, and an ultrasound, as shown in Fig. 43. All individuals
were connected by a TP-link router, which has four ethernet ports. The cisco sg300-10mp ethernet
switch was employed to connect the NI industrial controller and Labview PC to the router. Five
different IP addresses were assigned to each component, which is shown at the bottom of each
component in Fig. 43. The Matlab PC is mainly used to reconstruct ultrasound images, transmit the
latest ultrasound frames to ROS PC, and record and monitor the end-effector trajectory and contact
force. The ROS PC runs under the Linux system, mainly used to steer the UR3, track the swimmer,
transmit robot arm status to Labview PC and Matlab PC, and implement control algorithms. The
Labview PC is utilized to perform inverse magnetics calculation, monitor, and control our lab-built
magnetic system.

As Fig 44 shown, the Ultrasound PC runs two Matlab sessions simultaneously. The first one
generates and saves the latest frame to the desired directory, and the second session grabs the newest

frame and transmits it to ROS PC through the local network. While the Matlab session runs the
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Figure 44: Flow diagram of the system.

ultrasound script, other scripts can not be executed in other threads. And the ROS and Matlab
connections can not be added to the ultrasound script. By taking advantage of the multi-core PC,
the second MATLAB session is opened and run for the data transmission. After ROS PC read the
latest frame, the frame is sent to the ROS swimmer detection node, and the pixel coordinate of the
swimmer position is sent to the ROS control node. The conversion ratio between a pixel and the
physical world is 0.283 mm/pixel. The FT sensor’s contact force is read by TCP/IP between ROS PC
and UR3 control box. The force data is transmitted to the ROS control node for the hybrid control.
The control command is then sent back to UR3 at the rate of 80 Hz. There is no subvi or module in
Labview is developed for the communication between ROS and Labview, so the TCP/IP was used
to exchange data. The end-effector coordinates (x,y, z), and the swimmer pixel coordinate were
encoded into a string and send to LabVIEW by TCP/IP socket programmed in Python, which is
shown as the red arrow in Fig. 44. The reason for the red arrow is that currently, the data exchange
process between ROS and Labview has been developed, but it was not implemented in 1D tracking
experiments. This function will be implemented into 2D and 3D tracking in future work.

As presented in Section 3.2, the front panel of the magnetic manipulator was replaced by a new
design. The new design has the same dimension except for the diameter of the opening hole in the

center. The diameter of the opening hole in the previous design is 150 mm, and the diameter of the
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Figure 45: Hardware setup for 1D tracking study.

opening hole in the new design is 180 mm. The purpose of the replacement is to enlarge the move
space of the transducer carried by UR3. The new front panel of the magnetic manipulator is shown
as Fig. 45 (a). The human vasculature is mimic by the PDMS channel. The making process is as
same as the procedure presented in Section 3.6.2. The PDMS mode was cured in a cube container
made by an acrylic sheet and laser cutter, and a rod was inserted in the container to form the 1D
channel. After the PDMS mode is cured, the rod was removed, and the 1D channel is formed and
showed in Fig. 45 (b). The PDMS was placed on a based, and the base is glued on the workspace

bottom of the magnetic manipulator.

4.4.2 Swimmer Detection Implementation

The swimmer detection studies and OpenCV process were proposed in Section 4.3.2. The
imaging process presented in Section 4.3.2 was performed based on the saved ultrasound frames,
which is not performed in real-time. In this section, we will demonstrate the workflow and results of
the detection implementation. As shown in Fig. 46, on the left shows the detection process. It’s the
same process as illustrated in the previous section. However, it was performed after all individual
components connected as a whole system by the local network. The ultrasound transducer is carried
by the UR3 and pressed against the PDMS model. The docking process was performed. The
transducer center and the 1D channel is manually aligned at the same height by controlling the UR3

with a joystick. The snapshots of the swimmer images of ROS, ultrasound, and Labview PC were
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presented on the right of Fig. 46.

4.4.3 1D Tracking Studies

Figure 47: Sequence images of 1D tracking.

1D tracking studies are discussed in this section. The flux density of the magnetic field is 0.002
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T. The swimmer was programmed to move back and forward in the 1D PDMS channel at 8Hz, and
the moving length is 15 mm. The open-loop control was implemented and programmed in Labview
becasue the swimmer moves in a constrained channel. And the vision detection from the camera
was used to flip the motion direction while it reaches the boundary. The hybrid control algorithm
was implemented to perform tracking and pressing. The snapshots of the tracking process are shown
in Fig. 47 (a)-(i). The swimmer started from the center of the workspace, move to the right, then
go back to the left. When the swimmer is not detected in the ultrasound frames, the robot arm
will stop moving, such as Fig. 47 (c) and (g). The swimmer can be almost detected all the time
while developing the OpenCV algorithm because the saved images were used. For the practical
implementation, the ultrasound images were saved, grabbed, and sent to ROS in real-time. The
ultrasound frame was overwritten on the same image file during the process, and the sequential
images were saved in another folder for later analysis process. The average transmission speed can
be significantly improved from 2s to 0.02s comparing to save the sequential frames and find the
latest images. The desired contact force was set as 6 N. The impendence control failed during the
implementation. The reasons are the following: (1) The contact between transducer and PDMS is
soft-contact. (2) The base of the robot arm is unstable. (3) The PID controller is too simple to
handle the complex situation. (4) The force sensor data is too noisy and has a drifting data problem.

Although a low pass filter was implemented, it could not solve the problem.
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5 Conclusion and Future work

5.1 Conclusion

The first part of this dissertation proposed a new force transmission technique called solid me-
dia transmission and mechanism compatible manipulators. These MR compatible mechanisms and
manipulators are the main theme in interventional MRI, and pioneering groundbreaking works have
advanced this concept to reality. Efforts are continuing toward new actuation and robot designs for
eventual clinical use. SMT was introduced as a simple and low-cost transmission exhibiting certain
features similar to fluidic systems for MR manipulation: conduit routing and remote transfer of
actuation. The data presented herein illustrated that closed-loop SMT can achieve sub-millimeter
accuracy yet underscored the main limitations that need to be addressed: friction and media packing
to ensure the SMT backbone performs theoretically expected. The presented studies had certain re-
strictions. First, the friction model is a qualitative analysis that neglects COF differences and other
physical characteristics, which can be solved using FEA software such as ANSYS and COMSOL.
Second, benchtop studies were limited to 1 meter long SMT tubing. While we resulted in a valuable
understanding of the mechanism, we plan to systematically characterize SMT performance after
implementing a low-friction SMT version. It is noted that MR studies were performed with 4-meter
long SMT lines but with open-loop control because the effect on MR images was the subject, not
control. Third, the choice of material was not optimal. Nylon tubing and spheres have a coefficient
of friction of 0.25, while PTFE-to-PTFE is 0.04. Those studies underscored the importance of ma-
terial considerations affecting the elasticity of the system. Fourth, manual media packing was not
optimal, causing small gaps in the SMT backbone. Friction, suboptimal media packing, and tube
elasticity may have contributed to the system’s nonlinearity and the long rise time during closed-
loop control. A mechanism to establish and maintain media packing is under development. In this
work, MRI studies employed servo motors inside the MR scanner room by placing them outside
the 5 Gauss line and using filtering and shielding to reduce EMI. Additional studies are needed to
characterize the conditions for their use further, as well as further improve EMI reduction. SMT is

a new mechanism and is not well investigated. In Section 2.4, we have explored this transmission
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for actuating manipulators. The investigation and optimization of materials selection and SMT-
specific manipulators have been presented. The data presented herein illustrated that closed-loop
SMT can quickly and accurately respond to a reference signal. Additionally, the error for lengths
from 1 to 4 m can be regulated within the resolution of a 0.05 mm optical encoder. From the system
studies, we concluded that our one-DoF manipulator’s experiment results verified the hypothesis
of four primary factors (friction, length, expansion, and mechanical design) proposed in our previ-
ous work [46]. We also presented and analyzed an SMT-actuated two-DoF manipulator design and
its closed-loop positioning control performance. Because of the high nonlinear characteristics pre-
sented in the experiment results, the system identification step is necessary. With a better-identified
system, we can achieve better control results. Moreover, the mechanical design optimization of
SMT-based manipulators can also be further investigated.

In the second part of this dissertation, the studies of controlling a milli-scale magnetic swimmer
were presented. We reported a lab-build magnetic manipulator as an external magnetic input source,
and the magnetics calculations were illustrated for the magnetic field control. In the preliminary
studies of the magnetic swimmer, the spiral-typed design was proposed. The swimmers can travel
through a tube with a diameter of 15 mm using a PI controller. A new design with a spiral tip and an
orientation controller was proposed to improve the tracking performance. The experiments showed
that millimeter-scale robots could navigate 3D paths with an average error of 2.3 mm. We found
that the undesired gradient force existed during the experiments as the side effect of the magnetic
field control. Thus, we propose an efficient online calculation to compensate for the undesired
gradient force applied to the swimmer during 3D navigation. Although it only provided a modest
result, it can still be implemented for extreme cases; for example, the swimmer is closed to the EM
coil. Five thread-pitch values were experimentally investigated to evaluate the relationship between
pitch and stability of the swimmer design. A swimmer with a 2.0 mm pitch had the best stability
among all designs tested. A direct model reference adaptive controller (MRAC) was implemented
further to improve the path-following accuracy of the 3D guidance. The comparison proves a higher
performance of MRAC than the PI controller. The path-following mean error is 3.8 + 1.8 mm,

which is smaller than one body length of the swimmer (6 mm). The path-following performance
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on a complex trajectory and forward & backward motion using MRAC were also performed and
analyzed. The magnetic swimmer has a huge potential value for clinical application. As discussed
before, one imaginable task that can be achieved by a magnetic swimmer is blood clot removal.
As the in vivo studies shown in Section 3.6, the results showed that these magnetic robots could
remove blood clots at rates of up to 20.13 mm?>/min, which is the first successful complete removal
of clots in vitro by a magnetically-propelled tetherless robot. The removal rate is significantly higher
than streptokinase (thrombolytic medication), which was reported to remove blood clots at a rate of
0.17 mm3/s in similar size channels [117]. As shown in Section 3.6.4, our miniature swimmer can
navigate inside a tube having a diameter of 15 mm without touching the walls. The diameter is less
than the diameter of the ascending aorta. Not touching the walls of the aorta would prevent plaque
detachment or disturbances of the endothelium. Miniature swimmers could reduce infection risk and
recovery time, improve patient outcomes and comfort, and provide treatment options for inoperable
clots. Blood clot removal could be performed inside large vessels like the pulmonary arteries. Clots
could also be removed in smaller vessels. Preventing the swimmer from touching the walls of small
vessels is challenging. The swimmers presented in this dissertation have a diameter of 2.5 mm,
and a length of 6 mm. This size could allow the swimmer’s insertion within the bloodstream of a
patient using conventional catheter insertion methods [136]. In our study, blood clots are removed
from only slightly larger channels than the swimmer (3 mm diameter). Our experimental setup does
not regulate the swimmer’s radial position inside the channel during the clot removal. Therefore,
the swimmer’s sides do rub against the walls of the channel. The effect of this rubbing action on
the endothelium is not investigated in the present paper. It should be noted that the damage to
the vessels might be minimal because no significant force is applied by the swimmer in the radial
direction (direction perpendicular to the vessel wall). Additionally, the abrasive coating is only
present at the swimmer’s tip and would, therefore, not be in contact with the artery walls during clot
removal. As the last part of the magnetic swimmer studies, the ultrasound and UR3 were integrated
into the existing system shown in Section 4. The local network connects the whole system through a
router and an ethernet switch; the hybrid control was proposed to track and force control of the UR3

and ultrasound transducer; the UR3 dynamics and kinematics were discussed and implemented in
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ROS. The Ultrasound scripts were illustrated, and an external function was programmed to save
the frames in real-time. The algorithm of swimmer detection in an ultrasound frame was proposed
and programmed using OpenCV. The ultrasound echogenicity was experimentally analyzed and
demonstrated that the metal power could improve the swimmer ultrasound scanning’s visibility and
image quality. Finally, the hardware implementation was successfully performed by tracking the
swimmer moving in a 1D channel. Although the impedance control failed, we still demonstrated

the concept’s feasibility to integrate the UR3 and ultrasound into our existing system.

5.2 Future Work

For gradient force compensation, one key component is the magnetization direction of the swim-
mer during movement. Due to the swimmer size and limited measure sensors, the swimmer’s mag-
netization direction can not be directly obtained. Thus, in the previous discussion, the magnetization
is approximately calculated by an orthogonal vector of the swimmer movement direction. Referring
to the synchronous motor, there is a delay angle between the magnetization of the external magnetic
field and the swimmer, from 0 to 90deg. Because the magnetic field rotates in the UV plane, the
delay angle can be experimentally measured and modeled versus applied torque in the future to
approximate the magnetization direction accurately.

Adding an L; adaptive controller could improve the path-following and navigation in a 3D
environment. The L; adaptive controller can provide a wider stability margin and better disturbance
rejection, as analyzed and discussed in [137]. The L; adaptive controller is an indirect model
adaptive algorithm, which means it contains a system estimator. After fine-tuning the L; adaptive
controller, the estimator’s parameters can be saved and abstracted as a system model. This system
model could then be used for off-line reinforcement learning control studies using simulations.

For the ultrasound and UR3 studies, the computer vision for detecting the swimmer from the
ultrasound image is not robust. The demonstrated case is relatively simple compared to the clini-
cal application. Some advanced algorithms and techniques should be implemented to detect high-
dimension or complex environments better. Computer vision studies of machine learning and deep

learning should be investigated in future work. As the current work demonstrated, the ultrasound
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image could be lost during the transmission between Matlab PC and ROS PC, causing the task to
fail and the robot arm’s jerky movement. The hard drive disk (HDD) can be replaced by a solid-
state drive (SSD) to improve the reading and writing speed. The impedance control is one necessary
component of the blood clot studies. The robust control algorithm should be implemented rather
than a PID controller. The feedback linearization control of the robot arm and other hybrid control
structures such as the inner-outer loop should be investigated in future work. The experimental

setup should also be improved in future work as following:

1. A stable base of the robot arm.

2. Replace the phased array transducer with a linear array transducer to fix the distortion prob-

lem.

3. PMDS workspace design for high dimension studies.

4. Improve the force sensor and measurement accuracy by optimizing the transducer holder with

finite element analysis software.

This dissertation is just the beginning! There are many avenues for future work.
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