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Abstract

Robotic assistance is used today in a variety of surgeries as a means of pre-
cise, dexterous, and minimally-invasive manipulation. However, practical
use in microsurgical environments such as vitreoretinal surgery remains a
challenge for the most common mechanically-grounded robotic platforms.
Microsurgery requires micron-level accuracy and the ability to manipulate
with interaction forces in millinewtons. Vitreoretinal surgery specifically
requires a line of sight through the lens of the eye and maintaining a
remote center of motion (RCM) at the incision point in the eye.

A handheld manipulator, Micron, has been presented to address the
unique challenges of microsurgery. It enables the manipulator to scale
down a surgeon’s motion, actively cancel their involuntary tremor, and
resist moving the tooltip into unsafe areas. Since the manipulator is
handheld, it does not significantly obstruct the operating room and allows
the surgeon to still feel haptic feedback during surgery. The manipulator
is also capable of moving around an RCM at the sclerotomy. However,
the manipulator’s mechanical design necessitated unreliable motors that
have a low stall force and a more reliable iteration was needed.

This thesis describes the construction of a new iteration of Micron based
on the KIST microsurgical robot and integrated with our group’s control
systems and optical sensor. It begins by investigating the applicability
to Micron of a design based on parallel continuum manipulators. The
kinematics and dynamics of a parallel continuum manipulator are sim-
ulated and a further simulation is built to evaluate the stiffness of the
designs. Although the design ultimately proves infeasible, the analysis
settles the question for future research. Two simulations of the rigid-link
Micron, built in Gazebo and PyBullet, are also created and evaluated
as first steps toward a full kinematics and dynamics simulation of the
manipulator. The PyBullet simulation is simplified and automated to
pick up a small object on a model of the retina. Most importantly, the
physical manipulator is constructed, including all its mechanical and
electrical parts, as well as firmware to integrate it into our group’s control
software and optical sensor. The manipulator is actuated and its pose
measurements are analyzed.
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Chapter 1

Introduction

1.1 Motivation

Hand tremor is an inescapable part of any standard surgical procedure. However, surg-
eries in the eye often require the manipulation of handheld tools within a workspace
on the order of micrometers [16]. Such workspaces are significantly smaller than
the peak-to-peak range of hand tremor, which is typically on the order of hundreds
of micrometers [70], [69]. This low signal-to-noise ratio makes it very difficult to
distinguish voluntary hand motions from involuntary hand tremor by amplitude alone.
However, several techniques make it possible to identify and limit the impact of unsafe
motions of the tooltip. First, the motions can be distinguished and by their different
frequency ranges. The human eye-hand feedback loop has a critical frequency in the
range of 0.5-2 Hz [53], while involuntary hand tremor generally lies around the range
of 7-17 Hz [76]. Second, computer vision algorithms can identify regions inside the
eye that should be out of bounds [7]. Third, scaling down the motion of a surgeon’s
hand reduces the impact of accidental motions [65]. Microsurgical procedures could
be made safer and more consistent if inadvertent or unsafe motions applied by a
surgeon’s hand were actively canceled prior to reaching the tooltip of the manipulator.

Several robotic platforms have been developed to minimize tremor during micro-
surgical procedures. Given their prominence in other medical robotics applications,
teleoperated platforms were investigated early. The PRECEYES Surgical System, for

example, was used to perform the first ever robot-assisted intraocular surgery [55].
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1. Introduction

However, mechanically grounded platforms entail significant risk whenever a patient
moves unexpectedly [60]. Their large range of motion and high inertia [75] is another
potential risk. Tissue in the eye does not regenerate if injured [36].

The problems inherent in mechanically grounded instruments can be avoided if
the instrument is handheld. Such a handheld tremor-cancelling device, called Micron,
has been developed by our group. An early 3-degree-of-freedom (3-DoF') version of
Micron, shown in Figure 1.1, is described in [53]. The device aims to mimic a handheld
tool with interchangeable end-effectors, the exception being that it can control the
pose of the tooltip within a small workspace. The tooltip sits on the top platform
of a parallel platform manipulator. Various configurations of this parallel platform
have been developed. The first 6-DoF version is described in [94] and is also shown in
Figure 1.1. Its tiny motors are placed in the links of the parallel manipulator. Having
6 degrees of freedom allowed this version of Micron to establish a remote center of
motion at the incision point in the sclera to avoid tearing it as the instrument moved
around in the eye. However, both this version of Micron and a subsequent version
of Micron designed by New Scale Technologies [37] use tiny SQUIGGLE ultrasonic
piezoelectric linear actuators, which had reduced force capability and were unreliable

in operation.

Figure 1.1: Iterations and descendants of Micron, as described in [53], [94], and [46],
respectively.

A descendant of Micron has been developed in the ANSUR Laboratory at the
Korean Institute of Science and Technology (KIST) and is shown in Figure 1.1. The
KIST microsurgical robot converts to a 6-Prismatic-Universal-Spherical (6-PUS) joint
system with new, more reliable motors from Maxon [46]. These motors and their

custom lead screws can withstand an order of magnitude greater side load on the
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intraocular shaft. The increased stiffness and reliability of the motors made the
manipulator an appealing basis for the next iteration of Micron. Fortunately, Dr.
Sungwook Yang at the ANSUR Laboratory agreed to collaborate in this project.
However, the electromagnetic (EM) tracker that the manipulator uses is less accurate
and provides less information than the optical sensor our group has used on previous
iterations of Micron. That optical sensor, the Apparatus to Sense Accuracy of
Position (ASAP), has a resolution of 4 um within its workspace and can track the
6-degree-of-freedom pose of both the handle and end-effector [52]. A new iteration
of Micron that merges the mechanical design of the KIST microsurgical robot with
the tracking abilities of the ASAP sensor would be a significant step forward in this

research.

1.2 Contributions

The contributions in this thesis are as follows:

1. The feasibility of a new mechanical design for Micron based on prior work on

parallel continuum manipulators is thoroughly investigated.

2. Preliminary simulations of the new iteration of Micron are created and a first

step is taken towards automating a surgical sub-task in simulation.

3. The next iteration of Micron is constructed and actuated. The feedback from

the ASAP optical sensor is analyzed.

The first contribution stems from a body of work that applies parallel continuum
manipulators, which actuate parallel flexible legs, to various surgical instruments such
as colonoscopes [10]. Small flexures have been used in multiple iterations of Micron
[22, 53, 94]. However, they have not been applied to a 6-PUS system such as the KIST
microsurgical robot. The kinematics and dynamics of parallel continuum manipulators
were investigated and a simulation was run to test how stiff the manipulator could
be made while still maintaining a sufficiently large workspace. Although the design
ultimately proved infeasible, the analysis settles the question for future research.

Micron had never been simulated in a full kinematics and dynamics simulation.
With the surgical robotics field increasingly moving towards the automation of surgical

sub-tasks such as suturing [62], it was an opportune time to take the first steps. Two
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1. Introduction

simulations are created and evaluated, one in Gazebo and one in PyBullet, with the
Gazebo simulation showing more promise. Hardware delays and other time constraints
prevented incorporation of realistic dynamics information into the manipulator’s joints.
Taking these constraints into account, the first step toward automating a surgical
sub-task is taken with the PyBullet simulation. Specifically, a heavily simplified
version of the manipulator is automated to grasp a small object on a model retina.
Although the hardware was delayed, it arrived soon enough for the third contri-
bution to be made. The mechanical parts of the manipulator were given tolerances,
ordered, and then assembled in the lab. Several custom PCBs were designed and
assembled to route signals to and from the manipulator. Additional mechanical
parts were designed and constructed to mount onto the manipulator and hold the
electronics. Firmware was written to connect the motor drivers to our group’s Micron
control systems and the ASAP optical sensor. ASAP was calibrated for the new

device and its measurements were analyzed while the manipulator was moved.



Chapter 2

Background

2.1 Retinal Surgery

Vision impairment is associated with a reduction in social participation, educational
performance, and opportunities for employment [17, 50, 71]. Globally, the World
Health Organization estimates that more than 2.2 billion people have a vision impair-
ment, with at least 1 billion of these being preventable [4]. Of those with preventable
impairment, 8 million people have vision-threatening age-related macular degenera-
tion and 3.9 million people have vision-threatening diabetic retinopathy [78]. Both of
these conditions are expected to afflict more people in the future as life expectancies
increase and more people develop diabetes [51]. Diabetic retinopathy alone has been
projected to afflict 3.4 million Americans by 2050, a threefold increase from 2005 [68].

Vitreoretinal surgery is used to treat vision impairment caused by conditions
such as diabetic retinopathy and macular degeneration. The most common method
involves a pars plana vitrectomy, shown in Figure 2.1 [91]. Three ports are placed
into the sclera: one for illumination inside the eye, one for a surgical instrument, and
one for an infusion cannula. The cannula is used to remove the the vitreous humor
and replace it with another liquid that provides better visibility of the retina. The
light pipe and surgical instrument are actively operated by the surgeon. Depending
on the specific procedure, the surgical instrument could be a needle, forceps, or laser
probe. The surgeon views the procedure through a stereo microscope.

Typical treatments in vitreoretinal surgery include intraocular laser photocoagu-
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Figure 2.1: Pars plana vitrectomy. (a) An illustration of the vitrectomy seen in a
human eye cross section. (b) Typical surgical operating setup during a vitrectomy.
Photo credit [38, 43].

lation and epiretinal membrane peeling. Epiretinal membrane peeling is the most
common vitreoretinal surgery performed [33] and is required in the treatment of
advanced diabetic retinopathy [73]. After a pars plana vitrectomy, the surgeon must
lift and peel the epiretinal membrane away from the retina [21]. This membrane is
incredibly thin, measured at 61 + 28um, making the peel very challenging [89]. Laser
photocoagulation can impede the growth of abnormal retinal vessels or fix the retina
in place to treat diabetic retinopathy and tears in the retina [11]. However, accidental
photocoagulation in the wrong place can cause vision loss, making the accuracy of

the laser aiming critical [31].

Retinal vessel cannulation is an experimental procedure with significant potential.
Cannulation could be used to treat retinal vein occlusion (RVO), arteriovenous
malformations, and retinal macroaneurysms [25]. RVO is of particular interest
because it is the second most common retinal vascular disease [66]. It currently has no
proven effective treatment [8]. Cannulation of retinal vessels afflicted by RVO allows
the injection of clot-dislodging or clot-dissolving fluids [19, 25]. However, retinal
vessels are often just 40-120 pum in diameter, making them exceptionally tricky to
target with a simple handheld tool [6]. This difficulty is compounded by the fact

that undesired motion while the cannula is inserted into the vessel can tear the vessel
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open.

2.2 Robotic-Assisted Retinal Surgery

The introduction of robotic assistance to vitreoretinal surgery is intuitive: robotic
arms offer a new level of precision and dexterity that human hands struggle to
achieve. By far the most common robotic-assisted surgical platform is the da Vinci
surgical system, which allows its user to teleoperate a robot positioned over a patient
[1, 26]. The system offers improved tremor filtration, motion scaling, enhanced
dexterity in small spaces, and high precision [12]. However, it is a highly generalized
platform, made to accommodate a wide variety of surgeries and is not designed
for microsurgery. The ophthalmic surgical environment has unique qualities, some
offering new challenges, that must be considered in the development of a robotic
platform:

1. The environment is unusually small and requires a precision on the order of

microns [67].

2. Interaction forces between the tool and tissue are on the order of millinewtons;
significantly smaller than the interaction forces in most other surgical procedures
[34]. These forces can be separated into two categories: scleral and retinal
interaction forces. Scleral forces are often an order of magnitude larger than

retinal forces, making it difficult to sense retinal forces [44].

3. The fact that the tool punctures the sclera necessitates maintaining a remote
center of motion (RCM) at the incision, around which the tool must pivot [29].
This avoids imposing a load on the sclera, which could tear it. It also avoids
degrading the positioning performance of the robotic platform as the sclera
deflects the tool.

4. Unlike most minimally invasive procedures, surgeons performing intraocular
procedures have a direct view of the operating environment through a stereo
microscope positioned directly over the lens of the patient’s eye.

Several robotic platforms have been developed to better fit into vitreoretinal surgeries
and improve their outcomes. By and large, they can be divided into teleoperated,

cooperative, and handheld platforms.
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Teleoperated surgical platforms have become widespread due in large part to
the commercial success of the da Vinci surgical system. This ubiquity led to research
investigating its performance in intraocular surgery. Initial evaluations found the
da Vinci’s precision sufficient, but encountered issues with the location of the RCM
[14, 85]. Intraocular procedures require an RCM located at the sclerotomy, where
the tool intersects the sclera. However, the da Vinci’s RCM is located above its wrist,
resulting in motions that are difficult to control. This concern led to the development
of a hexapod manipulator that was mounted on the end of the da Vinci’s arm [13, 58].
Although this allowed the RCM to be placed at the sclerotomy, it did not address
one of the original concerns of using the da Vinci: such a large robot obscures the
view that the surgeon usually has through a stereo microscope positioned over lens of
the eye. The view offered by the da Vinci was not as detailed [14]. Less obstructive
teleoperated platforms have been developed at UCLA [92], Columbia University [88],
Vanderbilt University [97], and the University of Tokyo [86].

A teleoperated platform, the PRECEYES Surgical System [2], was used in the
first successful human intraocular robotic surgery [27]. It is currently the only robotic
platform cleared for retinal surgery on humans. The platform is shown in Figure 2.2.
Its end-effector moves with 4 degrees of freedom (DoFs) around a remote center of
motion at the sclerotomy: all 3 rotational DoF's (two tilting and one twisting) and

1 axial translation DoF [25]. Another teleoperated Robot, AcuSurgical’s Luca, has

recently completed its first successful clinical case [30].

UCH SCREEN USER INTERFAC =
ings and feedback
J—

INSTRUMENT MANIPULATOR MOTION CONTROLL -

TROCAR HOLDER
Secure eye connection,
instrument manipulation
‘without eye

Figure 2.2: PRECEYES Surgical System. Photo credit [2].
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Cooperative surgical platforms depend on a human to provide high-level
actuation, while its control algorithm selectively compensates for unintentional smaller,
high-frequency motions. The Steady Hand Eye Robot (SHER) developed at Johns
Hopkins University provides this with admittance control [28]. SHER is a 5-DoF
device around the RCM, lacking only the ability to twist around the end-effector’s
axis. Recent versions of SHER are shown in Figure 2.3. Researchers at KU Leuven
have developed a similar co-manipulated device [32], which has been evaluated in a

clinical feasibility study [90].

Eyeball SHER-2.1 SHER-3.0

Figure 2.3: Steady Hand Eye Robot (SHER). Photo credit [98].

Handheld surgical platforms are fully held by the surgeon and must compensate
for their unintentional motions before they reach the end-effector. They have minimal
footprint in the operating room and are intuitive for surgeons who are used to handheld
instruments. The foremost handheld platform is Micron, developed over several
iterations in the Surgical Mechatronics Laboratory at Carnegie Mellon University.

These iterations are described in the following section.

2.3 Micron: A Handheld Robot for Microsurgery

Micron is a handheld tool that contains a parallel manipulator between its handle and

its end-effector. This parallel manipulator allows it to actively cancel unintentional

9



2. Background

or unsafe motions in the handle before they reach the tooltip. The various iterations

of Micron are shown in Figure 2.4.

Figure 2.4: Iterations of Micron and related robots, as described in [5], [47], [53], and
[94], respectively.

Micron was first introduced in 2003, as shown in Figure 2.4a [65]. It used 3
actuators, each with seven piezoelectric stacks, to move the end-effector with 3
degrees of freedom: both tilting DoFs and an axial translation DoF. The pose of the
handle was tracked with a 6-DoF inertial sensor affixed to its proximal end. The 3-D
position of its tip was tracked by an optical sensor that illuminated the workspace
with pulsed infrared light and used stereo position-sensitive detectors (PSDs) to sense
the reflection of the light off of a small ball placed on the tip of the manipulator. This
sensor, the Apparatus to Sense Accuracy of Position (ASAP), was first developed in

[40] and became integral to later versions of Micron.

10



2. Background

The large number of piezoelectric stacks in Micron’s first iteration made it un-
usually heavy for a retinal surgical tool. A second iteration was created to reduce
the weight. It used just 1 piezoelectric stack per actuator, mechanically amplifying
each actuator to achieve a sufficient workspace [5]. However, traditional fabrication
techniques proved insufficient for the tiny, complex parts in the manipulator, leading
to unsatisfactory performance. A third iteration replaced these parts with a system of
flexures to remove error due to friction, backlash, and imperfect assemblies [22]. Again,
imprecise mechanical fabrication created problems for the manipulator, reducing its
workspace. Building on this version of Micron, a more compact robot, I'Trem, was
developed [47]. Shown in Figure 2.4b, it significantly reduces the size of the inertial

sensor on the handle to make the manipulator easier to use in surgery.

Further research found that involuntary tremor often exists below 10 Hz, making
it necessary to sense and suppress motions at that frequency [53]. Motion at such
frequencies is too low for the inertial sensor used in earlier iterations of Micron, so a
fourth iteration was created to utilize the ASAP sensor instead [53]. This manipulator,
shown in Figure 2.4c, still moves with 3 degrees of freedom, but has an array of 3
infrared LEDs mounted at the base of the end-effector, as well as a single LED on
the handle. Each of these LEDs pulses at a distinct frequency so that they can be
differentiated by ASAP. When they are all in ASAP’s field of view, the 6-DoF pose
of both the handle and the end-effector can be tracked within less than 10 gm. The
base of the manipulator was also made wider to enable a larger workspace. These
changes led to significant improvements in handheld accuracy.

Every iteration of Micron up to this point moved with 3 degrees of freedom, which
does not allow the tool to implement a remote center of motion. Additionally, the
workspace of the tooltip was limited to a few hundred microns. To remedy these issues,
the fifth iteration of Micron was created, shown in Figure 2.4d. This manipulator
was the first 6-DoF iteration of Micron, designed to house a Stewart-Gough parallel
platform [94]. The Stewart-Gough platform was chosen for its inherent stiffness
and ability to tilt significantly, while maintaining a small footprint. Each leg of the
platform is a tiny linear piezoelectric SQUIGGLE motor from New Scale Technologies
that lengthens or shortens the leg. Combined with flexures on each end that connect
to the top and base platforms, they move the top platform in 6 degrees of freedom.

Because the end-effector could now move in 6 DoF, three infrared LEDs needed to
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be mounted on both the handle and end-effector to sense each part’s 6-DoF pose.
This iteration of Micron enlarged the workspace of the manipulator by an order of
magnitude, enabled it to maintain an RCM, and provided a statistically significant

reduction in 3D positioning error [93].

2.4 The KIST Microsurgical Robot

A descendant of the 6-DoF Micron has been developed in the ANSUR Laboratory at
the Korean Institute of Science and Technology (KIST) [46]. Its mechanical design,
show in Figure 2.5, forms the basis of the research presented in this thesis. Although
the manipulator is still a 6-DoF parallel platform, it does not use a Stewart-Gough
platform. Instead, it rearranges the joints to create a 6-Prismatic-Universal-Spherical
(6-PUS) system. Each leg consists of a prismatic joint that pushes up or down on a
universal joint. Each universal joint enables a fixed-length strut to tilt on two axes.
This strut connects the universal joint to a spherical joint, which in turn connects to

the top platform.

6-DOF !
Miniature ;
Parallel |
Manipulator |

Motor
Tool — Coupler

Guide
_ MaxonEC 4

~  BLDC Motor

pcBs -~

End -~ K
Cap N e

Figure 2.5: The KIST microsurgical robot. Photo credit [46].

The 6-PUS configuration of the manipulator allows it to keep its motors parallel
so that they can be larger and still fit inside the handle. This is a crucial change
because it enables the use of stiffer motors; specifically, EC4-431182 Maxon motors

[46]. The change in joints also removes the small flexures the 6-DoF Micron used.
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These flexures were prone to breaking when sudden forces were applied and reduced
the stiffness of the manipulator. With these changes, the KIST microsurgical robot
is measured to be resistant to side load up to 5.0 N applied at an RCM, an order of
magnitude more than with the 6-DoF Micron [46].

To sense its 6-DoF pose, the KIST manipulator includes an electromagnetic (EM)
sensor: the Viper FT-Flatsided sensor from Polhemus. It is added to the back end of
the manipulator so that it tracks the pose of the handle, but not the end-effector.
Specifically, the sensor tracks its pose relative to an EM source placed nearby. When
the tracker was within 150 mm of the source, it tracked position with a root-mean-
square error (RMSE) below 10 um [46]. At a distance of 250 mm from the source, it
maintained an RMSE below 20 pm.

2.4.1 Inverse Kinematics of a 6-PUS Parallel Manipulator

The inverse kinematics of a 6-Prismatic-Universal-Spherical (6-PUS) parallel manipu-
lator define how the linear motion of its six linear actuators can work in concert to
move the tool of the manipulator with six degrees of freedom. The inverse kinematics
of the KIST microsurgical robot are derived in [46]. Since they are used heavily in
this thesis, they are repeated below.

The kinematic configuration of the 6-PUS parallel manipulator is shown in Figure
2.6. The base of the manipulator, assumed to be stationary, is shown in green. Six
prismatic joints are located around the base, from which the red linear rods extend.
These linear rods connect to the orange connecting rods (struts) with universal joints.
Unlike the linear rods, the struts do not change length. The struts attach to the top
platform, in blue, with spherical joints. At the center of the top platform, a needle
is attached, orthogonal to the plane of the top platform. The tool tip is located at
the end of the needle. At some variable location along the needle, a remote center of
motion is defined. The needle pivots around this center.

The origin of all measurements in Figure 2.6 is set at O. The remote center of
motion, T,.,, can be assumed to be given with respect to the top platform. We
can also assume that we know the dimensions of the base platform and the top
platform, as well as the constant lengths of the struts. With that information, an

input Cartesian location for 7}, with respect to O can be translated to the z-axis
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Figure 2.6: The kinematic configuration of the 6-PUS parallel manipulator.

displacement of each of the linear actuator rods, OM?, for i = 1,2, ...,6.

The base platform is a regular hexagon, so the position of each prismatic joint
can be described as follows, given 1y, the radius of the circle bounding the platform:
s

T
OBi:[rbcoseﬁ? 73, sin 6% 0] ,Qb:—%+(i_1)

7

w

The position of each spherical joint around the top platform can be described as
follows, given r,, the radius of the circle bounding the platform, and F,, the resting

position of the center of the top platform:

T
PyA; = [Tp cos®? r,sinfd? 0

0P = 57/3 +0.82,7/3 — 0.82,7/3 + 0.82, 7 — 0.82, 7 + 0.82, 57 /3 — 0.82

The first step in finding the linear rod lengths is to find the positions of the
spherical joints, given nonstandard tool tip and remote center of motion positions.

We can first assume that the resting position of the top platform, P, leaves the tool
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vertical, with Tyep, Tiip, and Fy only displaced along the z-axis. In that case, the
displacement between the current tool tip and the resting position of the top platform

can be written as follows, given [;, the length of the tool:
T
Por‘rtip = [Aﬂfp AT;ycm AT't;;p + lt]

We can also define the orientation of the tool:

71tip - Trcm
| Teip = Treml|

Vtool =

With these definitions, the current center of the top platform, OP, can be defined
as follows:
OP = OPO + POT;fip - ltvtool

Now that we have the current center of the top platform, we need a rotation
matrix to define the orientation along which to offset the positions of the spherical
joints, FPyA;. This rotation matrix is the rotation between the current tool vector,
Viool, and the tool vector when the platform is in resting position at Py, vi"#. The
axis of rotation, v,,;, and the angle of rotation, 6,., can be written as follows:

init

-
Vtool X Vipel Utool X Utpol
Vpop = ——m 10Ol ) . — arccos —||

|[Vt001 X UZ””H’ |[Vt001 X U;mt

ool ool

We can construct the unit quaternion from these values:

1= fon ) om0

Finally, the rotation matrix, R, can be constructed as the matrix in Figure 2.7,

assuming ¢ = |g, ¢z gy qz]-

1-2(¢7 +¢?) 2@y — %) 2(¢:0: + @)
R=|2¢ey+¢e) 1-2¢+4d¢) 2w — @)
2(@1‘-1: - 'ﬁrqf} 2(%‘-1: + qur} 1- 2{'1:2 + Q!.?)

Figure 2.7: Rotation matrix.
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We can now define the current positions of the spherical joints:
OA; = RPRyA; + OP

Now that we have the current positions of the spherical joints, we know the z-axis
displacement of each spherical joint. In order to determine the z-axis displacement
caused by the linear rods, we simply need to subtract the component of that dis-
placement that is caused by the struts. We can find the z-axis displacement caused
by the struts with a simple application of the Pythagorean Theorem. The vertical

displacement of each linear rod can found as follows:

OM,f:OAf—\/HMiAiHQ—H oA o] ~[oB: om!|
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Chapter 3

Investigating the Applicability of

Parallel Continuum Manipulators

A significant limitation of prior iterations of Micron has been the complexity of their
mechanical parts. Since the device is handheld and contains six legs in a parallel
configuration, its 12 links and 18 joints are necessarily tiny. Machining such complex
and tiny parts to a precision that allows the joints to function is both costly and
challenging. Maintaining those parts over years of use is prohibitively difficult. The
costs in time and money that this complexity imposes motivated us to look for a
simpler mechanical structure.

Parallel continuum manipulators offer a similar workspace to parallel rigid-link
manipulators, but they come with much simpler mechanical structures. In lieu of
complicated universal or spherical joints that connect rigid links, they use wire to
connect the base platform to the top platform. Using wire would be much cheaper
than using precision machined rigid links. Unfortunately, the simplicity that is
gained in the mechanical design is lost in the model of the manipulator’s behavior.
Deformable wires include a natural elasticity and compliance that can be hard to
predict and can vary with any load applied to the end-effector. In recent years, the
kinematics and statics of a parallel continuum manipulator very similar to that which
might exist in Micron have been determined [83]. That procedure enabled us to
further investigate the applicability of a parallel continuum manipulator to Micron.

The structure of parallel continuum robots makes them well-suited for miniature
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3. Investigating the Applicability of Parallel Continuum Manipulators

manipulators [18] and several such manipulators have been created. Much of the
work on parallel continuum manipulators comes from Dr. Caleb Rucker’s REACH
Laboratory at the University of Tennessee, Knoxville, which has designed manipulators
with platform diameters as small as 10 mm [61]. A similarly small device has been
created at the University of Pennsylvania to allow for haptic feedback to fingertip
motions [96]. These manipulators are shown in Figure 3.1. Both use six linear
actuators to increase and decrease the length of each leg of wire between the top and

base platforms.

six DC

motors \

\ L
W
;
:
)

six Nitinol
legs

fabric straps
(b)

Figure 3.1: Miniaturized parallel continuum manipulators. Photo credit [83, 96].

These examples and the body of research they are built on provided the inspiration
for this investigation of whether Micron could benefit from the structure of a parallel

continuum manipulator.

3.1 Design Requirements

Three fundamental hurdles need to be cleared to prove that a parallel continuum

manipulator could be used inside Micron:

1. The manipulator must be sufficiently miniaturizable to fit inside a handheld

mstrument.
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3. Investigating the Applicability of Parallel Continuum Manipulators

2. The manipulator must have a workspace comparable to or larger than previous

iterations of Micron.

3. The manipulator must be sufficiently resistant to the side load placed on the
end-effector’s RCM by the sclera.

The first and second hurdles are demonstrably cleared by prior research into small
parallel continuum manipulators. Not only have miniature manipulators been con-
structed, but the manipulator with a diameter of just 10 mm has been shown to have
a workspace much larger than Micron’s [10]. If the workspace of such a manipulator
were changed, it would still need to have a maximum horizontal radius of 4 mm to
keep it in line with the KIST microsurgical robot [46]. However, the third hurdle is a
significant cause for concern. Suppose Micron’s end-effector were inserted into the eye
and the sclera were to move, placing a transverse load on the end-effector at its RCM.
An insufficiently rigid manipulator would allow the end-effector to move, potentially
causing uncontrolled deflection of the tip inside the eye. Additionally, imposing a
sudden side load could cause the manipulator to exhibit wobbly dynamics, which
should be minimized. To combat these effects, we require that the manipulator must
be able to resist a typical scleral side load applied at the RCM of its end-effector.
Side loads imposed by the sclera have been measured around 250 mN, so that is the

side load we simulate [44].

3.2 Simulation of a Parallel Continuum
Manipulator Using MATLAB Simscape

An attempt was made to create a kinematics and dynamics model of a parallel
continuum manipulator in MATLAB Simscape. The simulation was motivated by
our desire for a model whose legs we could control and whose end-effector we could
physically perturb to view its reaction. Such a model would not only inform us of
the deflection of the end-effector with side load, but also of any wobbly dynamics
that might immediately follow that side load. In this section, we develop a dynamics
model of a standard parallel continuum manipulator and use its inverse kinematics

to control the movement of its top platform.
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3. Investigating the Applicability of Parallel Continuum Manipulators

3.2.1 Structure of the Simulated Manipulator

To verify the accuracy of the model, its dimensions were kept similar to those described
in [18]. This model was therefore viewed as a precursor to a model small enough to

fit inside Micron. The mechanical parameters are listed in Table 3.1.

Table 3.1: Parameters of the Simulated Structure

Initial Rod Length 0.4 m
Rod Radius 3 mm
Platform Radius 80 mm

Platform Major Angle 100 deg
Platform Minor Angle 20 deg
Rod Density 7990 kg/m?
Rod Young’s Modulus 193 kPa
Rod Shear Modulus 77.2 kPa

Images of the manipulator, drawn from the results of the inverse kinematics
algorithm, are shown in Figure 3.2. The initial rod length is the length of each rod
when the manipulator is in the equilibrium position. The platform radius is the
distance from the center of each platform to the point where it connects to each rod.
The platform major and minor angles are the angles measured between the points
where each rod intersects the platforms. The manipulator moves its top platform
with 6 degrees of freedom by lengthening and shortening each of its six elastic rods
with feed-through prismatic joints at the point where each rod intersects the base

platform.

3.2.2 Inverse Kinematics

The kinematics of a parallel continuum manipulator are necessarily load-dependent,
meaning that one must solve for the statics at the same time. If we ignore all
forces caused by sources other than our actuators, another solution such as constant-
curvature kinematics can be applied [81]. However, the interactive nature of the
retinal surgical environment requires that we take external load into account. We
chose the method in [83] as an efficient and effective kinetostatic analysis. It uses

Cosserat rod theory to model the deformations of the manipulator’s legs.
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Figure 3.2: Results of the inverse kinematics algorithm. Running left to right, the
manipulator is shown tilting, twisting, translating, and at equilibrium.

3.2.2.1 Cosserat Rod Model

The Cosserat rod equations are given in Equations 3.1-3.6.

p; = R (3.1)
R; = R, (3.2)
vi = v + K R, (3.3)
u; = u; + K,;}iRiTmi (3.4)
n; = —f; (3.5)
mi = —p; x n; — (3.6)

21



3. Investigating the Applicability of Parallel Continuum Manipulators

Each rod i, for i = 1...6, can be defined by its world frame position p;(s;) and
word frame orientation R;(s;) as a function of arc length s;. Equations 3.1 and 3.2
express the rate of change of world frame position and orientation with respect to
the body frame rate of change of position v;(s;) and the body frame rate of change of
rotation u;(s;).

These body frame velocities are obtained from Equations 3.3 and 3.4. The v} and
u; vectors represent the rod in an initially straight stress-free state. They are assigned
as v = [0 0 1}T and u} = [O 0 ()]T. The K, ; and Ky ; matrices relate to the
stiffness of the rod cross-section. They are defined as K. ; = diag(A;G;, AiG;, A;E;)
and Ky ; = diag(E;1;, E;1;, J;G;), where A; is the area of the cross-section, E; is the
Young’s modulus of the rod, G; is the Shear modulus of the rod, I; is the second area
moment about the local x and y axes, and J; is the polar area moment about the
local z axis.

The vectors n;(s;) and m;(s;) are the internal force and moment vectors of each
rod as a function of arc length. They are obtained in Equations 3.5 and 3.6. The
vectors f; and [; are the distributed force applied to each unit length of the rod [18].

3.2.2.2 Boundary Conditions

Boundary conditions can be written to solve for different parameters within the
Cosserat rod equations. For example, [83] derives boundary conditions for the inverse
kinematics of a manipulator with no external load applied. They are given in
Equations 3.7-3.10. The conditions assume that at both ends, each rod can rotate
about its z axis, rendering the angle of that rotation unimportant. The F and
M vectors represent external forces and moments applied to the center of the top
platform. They are assumed to be negligible for our purposes. The value L; is the
length of each rod. The desired position and orientation of the center of the top

platform are denoted by p; and Ry, respectively.
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(log(R} (L;)Ra))"|ey = 0 for i=1...6 (3.9)

pa+ Rgri —pi =0 fori=1...6 (3.10)

3.2.2.3 Optimization

The combination of the Cosserat rod equations and the boundary conditions presents
a boundary value problem that can be solved by optimizing the free variables to fit
the boundary conditions. In the inverse kinematics developed in [83], the rod lengths
are optimized to get the end-effector pose closest to a desired pose. Starting with
guessed boundary conditions, one can integrate along the arc length of each rod using
the fourth-order Runge-Kutta method. Once the end-effector position is determined,
the Levenberg-Marquardt algorithm is used to update the boundary conditions [48].
Example poses of the manipulator, determined with this inverse kinematics algorithm,

are shown in Figure 3.2.

3.2.3 Dynamics Simulation

Our dynamics simulation uses the lumped-parameter
model, a simple way to model a flexible body in Matlab
Simscape Multibody [56]. Although the Simscape package
includes blocks for flexible cylindrical beams, they were
not used because they cannot handle large deflections
where Hooke’s Law no longer applies. Instead, each rod
is modeled as a mass-spring-damper system with several
rigid cylinders connected by 5 joints. Each joint has 4
degrees of freedom: three rotational and one translational

for strain. A picture of the model at its equilibrium pose

is shown in Figure 3.3. A small needle is mounted on top
of the platform. Prismatic joints at the base of each rod Figure 3.3: The dynamics
serve to lengthen or shrink the rods. model at equilibrium.

Since the rods are modeled as rigid links with joints,
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the local spring constants and damping coefficients of each joint must be established.
Characterization of these constants was performed by applying a transverse load
step of 20 N to the tip of a rod and measuring displacement. The same load step
was applied to a ”"Flexible Cylindrical Beam” block that was given all the relevant
material and structural properties from Table 3.1. Comparison of the displacement
of both rods over the same load step enabled characterization of the spring constants
and damping coefficients along the rod’s local x and y axes. The spring constant
was first altered until the steady-state displacement of the two rods matched. Then,
the damping coefficient was altered. The peaks of the displacement oscillations were
determined and the period between them measured. An exponential decay curve
was fit to the envelope of the displacement oscillations using MATLAB’s ”fitnlm”
function. The damping coefficient that produced a period within 0.0001 Hz of the
desired period and had the smallest Euclidean distance between the parameters of

the exponential decay curves was chosen.

3.2.4 Control Algorithm

PID control is used to drive the manipulator to desired end-effector poses. Since the
manipulator mechanism is lightweight and small-scale, the manipulator dynamics
can largely be ignored in the control scheme. Therefore, we focus on the inverse
kinematics algorithm to derive the control signals. The full control diagram is shown

in Figure 3.4.
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Figure 3.4: The Simulink control diagram of the dynamics model.
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A desired pose is run through the inverse kinematics algorithm and the desired
length of each rod is obtained. At the same time, the actual pose of the end-effector
is measured. This measurement is realistic when a pose estimation device is used, as
in [52]. The measured pose is run through the inverse kinematics algorithm at 200
Hz and the measured length is each rod is obtained. The error between each rod’s
desired length and measured length is input into 6 independent PI controllers. The
controllers all have the same gain. Each controller outputs a force, which is applied
to the prismatic joint at the base of each rod. These prismatic joints lengthen and

shorten the rods to their desired lengths.

3.2.5 Results

The manipulator can be controlled near desired positions with significant steady-state
error. For our experiment, we chose a number of references consisting of tilts around
the x-axis and translations along the y-axis. The desired positions are shown in Table
3.2. Figure 3.5 presents the evolution of a simulation with the seventh reference

position.

Table 3.2: Desired End-Effector Positions

Scenario Position (m)  Rotation (°)

r oy z y oz
1 0.0 00 04 00 00 0.0
2 0.0 00 04 50 00 0.0
3 0.0 00 04 70 00 0.0
4 0.0 00 04 9.0 0.0 0.0
) 0.0 00 04 11.0 0.0 0.0
6 0.0 00 04 130 0.0 0.0
7 0.0 00 04 150 0.0 0.0
8 0.0 0.01 04 00 0.0 0.0
9 0.0 003 04 00 0.0 0.0

—_
e}

0.0 0.05 04 00 0.0 0.0

Figure 3.6 characterizes the result using the rod length error, rotation error, and
translation error. Since the manipulator is initialized to the same end effector position

as the reference, the positional error stays close to zero. Steady state error exists for
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Figure 3.5: Overall mechanism movements during the simulation evolution at t =
0s,t =0.1s,t = 0.3s.

rotational error and rod length error. This error can be attributed to model error.
All reference poses from Table 3.2 converged with steady-state error.

The steady-state errors in end-effector pose for all reference poses in Table 3.2
are shown in Figure 3.7. When the manipulator is tilting around the x-axis, position
error along the y-axis increases; all other error is negligible. Orientation error stays
around zero, indicating that the desired tilt angle was achieved in all cases.

When the manipulator is translating along the y-axis, position error along the
y-axis increases dramatically. In fact, the error is almost as large as the desired
translation, suggesting that the translation was largely unsuccessful. Orientation

error remains close to zero for all translations.
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Figure 3.6: Error in the simulation evolution at ¢ = 0s,¢ = 0.1s,¢ = 0.3s. (a) Error
in the position of the top platform. (b) Error in the orientation of the top platform.
(¢) Error in the positions of the linear actuators.
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Figure 3.7: Position and orientation error of the top platform of the dynamic simulation
in a variety of poses.
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3.2.6 Discussion

Model error as a whole is the main culprit for the steady-state error between desired
and measured positions. We implemented the lumped-parameter model for our
dynamics simulation using 5 elements to make up each of the 6 manipulator legs.
While more elements per leg would result in a more accurate result, this would
also increase the computational and time cost of running the dynamics simulation
(the maximum we tested was 10 elements per limb). A more robust method of
approximating a flexible body is described in the aforementioned Mathworks resource

and is implemented by combining a rigid-body model and a deformation model.

Error in the dynamics model is also attributable to the method we used to lengthen
and shorten the rods. The structure of the manipulator assumes that feed-through
prismatic joints are used to change the lengths of the rods. However, our Simscape
model required both that the bases of the rods be fixed and that a fixed number of
joints be used for each rod. To best simulate the manipulator’s behavior, we placed
prismatic joints at the base of each rod and controlled their length. This method does
not allow the added rod length to have an orientation other than vertical. It also
does not allow the rods to shorten past a certain threshold. A far more detailed and

complex dynamics model for a parallel continuum manipulator is presented in [84].

We implemented an inverse kinematics algorithm similar to [83]. From our results,
we can observe that our inverse kinematics algorithm reached a solution in an average
of 7.8 optimization steps. Compared to prior work, this is a greater number than
that of [83], which took an average of 5.5 steps. This algorithm was optimized
for manipulator that was 100 times taller than ours, leading to the inefficiency.
Additionally, our algorithm was run at just 200 Hz, rather than the kHz ranges in
[83], meaning each guess was more stale when it was used to warm-start the next

iteration of the algorithm.

The significant model error we witnessed in this simulation, along with the long
computation time that each step took, led us to decide against moving forward with

this simulation method.
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3.3 Simulation of a Stiffer Parallel Continuum

Manipulator in Ansys

In parallel to the Simscape simulation, a much shorter and more rigid parallel
continuum manipulator was simulated with the Static Structural Analysis feature of
Ansys. The purpose of this simulation was more limited in scope: it was made to
evaluate the forces required to both actuate and perturb a stiffer parallel continuum
manipulator. A stiffer manipulator was chosen to reflect the fact that Micron requires
more resistance to side load and a smaller footprint than any of the parallel continuum
manipulators developed in prior research. Inability to achieve the required workspace
and resistance to side load on such a manipulator would indicate that parallel

continuum manipulators were ill-suited for use in Micron.

3.3.1 Structure of the Simulated Manipulator

Two different structures were examined. Both were primarily informed by the
structure of the KIST microsurgical robot, whose parts we hoped to adapt. This
meant locking in the diameter, major angle, and minor angle of both the top and
base platforms to the specifications of that design. Consequently, the only two
parameters left variable were the height of the top platform above the base platform
and the diameter of the wires. All the wires were modeled as Stainless Steel 316L, to
facilitate easy sterilization. Superelastic nitinol was briefly explored, but exhibited
few differences with such short wires. Finally, the effect of gravity was disabled in
the simulation.

Examples of the two structures are shown in Figure 3.8. The first structure
is informed heavily by Cosserat rod theory. Given a height of the top platform
and a wire thickness, the inverse kinematics routine from the MATLAB Simscape
simulation is used to generate the positions of points along the length of each wire
while the manipulator is in its equilibrium position. The 3D points on each leg are
then projected as 2D points onto the plane they collectively define. The normal
vector of each of the six planes is recorded. A Python script written for use in Ansys
SpaceClaim begins with a standard top platform and end-effector, creates the six

planes, and draws all of the points onto them. The script then uses the points to
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define a contour for each leg and extrudes a cylinder along each of the contours. The
second structure does the same, except that it offsets the angles that the wires are
inserted into the top platform by 5.9 degrees from the vertical, the same as is specified

in the KIST microsurgical robot’s top platform.

a 0,005 0.0 )
I .
0.0025 0.0073
(a) (b)

Figure 3.8: Examples of the simulated structures. (a) The normal wire entry model.
(b) The angled wire entry model.

Each structure includes an end-effector in the form of a thin needle. The needle is
60 mm long and has an RCM 33 mm from its tip, as defined in [46].

Due to the time-intensive nature of the simulations, just 16 different variations of
each structure were evaluated. For each structure, height above the base platform
was selected from [5,7,9, 12] mm and wire diameter was selected from [0.5,0.70.9, 1.1]

1min.

3.3.2 Static Structural Analysis

Ansys Mechanical uses finite element methods to evaluate the static behavior of a

structure under load. The simulation explored two separate load scenarios, with the

limited nature of the simulation environment restricting it to tilting motions only.
The first scenario investigates the limits of the achievable workspace. This

workspace is first constrained by the maximum linear travel of the prismatic joints, 5
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mm, and the maximum force that can be applied by the prismatic force, 7.5 N, as
defined in [46]. The bases of two adjacent legs are kept stationary, while the other
four are allowed to move. A 5 mm upward displacement is induced in each of the two
free legs over the course of 100 linear steps. At each step, the force applied to the
base of each of the six legs is measured. Any timesteps that have a leg’s reaction force
going beyond 7.5 N are thrown out. The horizontal deflection of the end-effector tip is
also measured at every timestep. The maximum tip deflection that is observed within
the force and displacement constraints of the actuators is recorded. An example of

this tilt is shown in Figure 3.9.

0 0.01 0.02 {rm)
B EE—
0.005 0.015

Figure 3.9: Example of the simulated structure tilting.

The second scenario examines the susceptibility of the manipulator to tip deflection
under side load applied at the RCM. It fixes the positions of all the legs, applies a
0.25 N side load to the RCM over 100 linear steps, and again measures the horizontal
deflection of the tooltip. The deflection of the tooltip at 0.25 N is recorded.

In order to make the optimization tractable, our simulation sets the top platform
as a solid structure, but characterizes the wires as Ansys Beams. The mesh of the
wires is set to have an element length of 0.1 mm. The simulations are all run with the
"Large Deflection” setting enabled, which forces the solver to model beams without

using Hooke’s Law. To facilitate execution of the 32 simulations, a Python script was
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created for use inside Ansys Mechanical. It runs through the SpaceClaim geometries,
loading each one, setting meshes, assigning remote points and joint probes, running

the simulations, and recording the probed values in a CSV file.

3.3.3 Results

3.3.3.1 Structure with Normal Wire Entry

The first structure examined was that in which all the wires enter both the top and base
platforms at an angle normal to those platforms. The maximum achievable horizontal
deflection of the end-effector’s tooltip, under the force and position constraints of
Micron’s actuators, is shown in Figure 3.10. The horizontal deflection of that tooltip
under a 0.25 N side load applied at the RCM is shown in Figure 3.11.

Maximum Horizontal Deflection

25
w Wire Height (mm)
® 5.00mm
201 @® 7.00mm
_ @ 5.00mm
E s 12.00mm
= 7o
2
o
3" o
[m]
o
e L1
8
we|
T T

T
0.5 0.6 0.7 0.8 0.9 1.0 1.1
Wire Diameter (mm)

Figure 3.10: Maximum horizontal deflection of 16 different normal wire entry simulated
structures.
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Horizontal Deflection Under 0.25N Side Load
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Figure 3.11: Horizontal deflection of 16 different simulated normal wire entry struc-
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tures under 0.25 N of side load at their RCM.

3.3.3.2 Structure with Angled Wire Entry

The second structure examined was that in which all the wires enter the top platforms
at an angle offset from the normal vector. The maximum achievable horizontal
deflection of the end-effector’s tooltip, under the force and position constraints of

Micron’s actuators, is shown in Figure 3.12. The horizontal deflection of that tooltip

under a 0.25 N side load applied at the RCM is shown in Figure 3.13.
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Maximum Horizontal Deflection
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Figure 3.12: Maximum horizontal deflection of 16 different angled wire entry simulated

structures.
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Figure 3.13: Horizontal deflection of 16 different angled wire entry simulated structures

under 0.25 N of side load at their RCM.

35



3. Investigating the Applicability of Parallel Continuum Manipulators

3.3.4 Discussion

No matter if the wire entry points are angled or not, the results show the same
fundamental contradiction: whenever the manipulator is stiff enough to adequately
resist side load, it is too stiff to provide an adequate workspace, and whenever
the manipulator is compliant enough to provide that adequate workspace, it is too
compliant to resist side load. In the structure with normal wire entry, Figure 3.10
shows that a wire of 0.9 mm diameter and 12 mm height produces a maximum
horizontal displacement of 4 mm, which is sufficient for our application’s workspace.
However, that same structure sees 0.23 mm of unwanted horizontal deflection when
exposed to the specified side load in Figure 3.11. That would mean a random,
uncontrollable position error of potentially hundreds of microns. The structure with
angled wire entry has a very similar result: the structure with a wire of 0.9 mm
diameter and 12 mm height produces a sufficiently large workspace, but is not stiff
enough to resist side load. Although these simulations are limited to tilting motions
only, those tilting motions should in fact be ideal conditions for the manipulator
to exhibit its rigidity. Along with tilting, Micron’s manipulator would be expected
to perform small horizontal translations, which have been seen to greatly increase
the compliance and instability of parallel continuum manipulators, even leading to
buckling [82].

3.4 Applicability Discussion

Neither simulation produced a mechanical structure of a parallel continuum manipu-
lator that would be workable for Micron. The Ansys simulation in particular exposed
the fundamental contradiction between the second and third design requirements: by
the time the manipulator’s workspace is large enough, it is too compliant to side load
at its RCM. That contradiction, viewed in ideal tilting manoeuvres, all but eliminates
parallel continuum manipulators from being usable in Micron.

The fact that a parallel continuum manipulator’s kinematics are closely linked to
the forces applied on it implies that knowledge of those forces could permit a control
algorithm to compensate for them. Specifically, knowledge of the side load applied
on the end-effector’s tooltip could be useful. The REACH Laboratory has published
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research into both deflection-based force sensing and actuation-based force-sensing
[9]. Measuring deflection of the end-effector would be trivial, since we use the ASAP
optical tracking system. The REACH Laboratory found significant error in this
estimation method, but indicated that restricting force sensing to directions in which
the manipulator is noticeably compliant, as in a side load, could greatly reduce that
error [9]. Actuation-based force sensing is shown to be much more successful in their
application, but would suffer in ours, given that Micron is too small to contain force
sensors in all six of its legs. Finally, although knowledge of the side load would
allow the controller to accurately define the tooltip’s behaviour, the side load would
still be present and could still prevent the manipulator’s mechanical structure from
compensating for it.

Throughout this analysis of the applicability of parallel continuum manipulators to
Micron, it has been assumed that Micron must move with 6 degrees of freedom. That
unspoken requirement has informed decisions regarding the shape, placement, and
quantity of the wires. In fact, an early iteration of Micron had only three actuators
and so was limited to 3-DoF movement [53]. Specifically, the end-effector could tilt in
both directions and translate axially, but could not translate horizontally to produce
an RCM. Early Ansys simulations that used straight, vertical wires showed impressive

resistance to side load, while still achieving the desired workspace.
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Chapter 4

Simulating Micron

Previous iterations of Micron were never simulated in a full kinematics and dynamics
simulator. Two fundamental challenges stand in the way of a successful simulation.
First, Micron is a very small device with a workspace defined in millimeters, smaller
than most simulators are designed for. Second, Micron uses a human-in-the-loop
control system, complicating any results from simulating the device without human
input. However, significant advancements in computational power over the last
decade have enabled more accurate and faster simulations. Additionally, the ability
to simulate Micron brings myriad benefits. Experiments run to validate a real-time
blood vessel segmentation and reconstruction algorithm used in Micron’s control
loop often required full days devoted to moving Micron by hand through a field of
phantom vessels [87]. A simulated Micron could be moved through a photorealistic
simulated environment along a pre-determined path with much less human labor
and time. Recent work in surgical robotics has also focused on the automation of
simple but delicate surgical sub-tasks with reinforcement learning [59, 72, 74, 80].
Such automation would be most useful in situations like retinal membrane peeling,
where the interaction forces are too small for the surgeon to notice [43]. However,
any implementation of reinforcement learning must consume large amounts of data
collected over many trials. Simulations of the device would provide plentiful and

repeatable trials.
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4.1 Creating an SDF File

The first step towards a simulation is to model the mechanical properties of the
robot and store it in a readable format, such as a Unified Robot Description Format
(URDF) file. Micron is distinct from most simulated robots in that it has a parallel
configuration with multiple closed kinematic chains. Since URDF files can only define
serial kinematic chains, that distinction necessitates that it be described by a more

generalized Simulation Description Format (SDF) file.

Prior work in the lab produced a SolidWorks CAD model of the manipulator.
This formed the basis of the SDF file. The model was first updated to include
far more accurate weights and inertia matrices for each component. These values
were determined based on the material and size of each component, as calculated in
SolidWorks. The many individual parts in the assembly were then grouped into links:
one base platform, six lower links, six universal joint ball bearings, six upper links, six
spherical joint ball bearings, and one top platform. The solidworks_to_URDF _exporter
add-in within SolidWorks was used to obtain a description of the manipulator in a
URDF file.

During this process, a complication arose due to the fact that URDF files can only
represent revolute, prismatic, continuous, or fixed joints. To satisfy this condition,
the universal joints were deconstructed into two stacked revolute joints each. The
structure of the URDF file is as follows. Each lower link is connected to the base
platform by a prismatic joint. A revolute joint connects each universal joint’s ball
bearing to its lower link. A second revolute joint connects each universal joint’s
ball bearing to its upper link. These two revolute joints capture the roll and pitch

rotations, but not the yaw rotation.

Next, the URDF file was converted into an SDF file. Edits were made manually
to the resulting file to connect all six legs to the top platform. Conversion to an SDF
file also enabled the joints connecting the top platform to the legs to be changed to
spherical joints. Unfortunately, SDF does not represent universal joints. A picture of

the manipulator model is shown in Figure 4.1.
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Figure 4.1: Structure of the Gazebo simulation of Micron.

4.2 Initial Simulation in ROS and Gazebo

Gazebo is one of the few simulators that can actuate joints on robots described in
SDF [23]. This capability, along with its close relationship to ROS and the rapid
development time that it entails, led us to choose Gazebo for our first simulation of
Micron. The SDF file was imported into Gazebo and the pose of its handle was fixed
to the ground plane. Gravity was disabled.

4.2.1 Controlling the Model

ROS Noetic was used to control the manipulator in simulation. The capability to
control joints described in SDF is not native to Gazebo, so we used the ros_sdf plugin
[41] to control Micron’s prismatic joints. It implements an independent PID controller
on every joint that is left as ideal in the current configuration.

The structure of the control code is shown in Figure 4.2. Each red box is a ROS
node. Input commands are taken in real time from a Logitech F310 gaming controller
to define a desired twist of the top platform. The left joystick controls the twist’s roll
and pitch orientation, while the right joystick controls the twist’s planar translation.
The gamepad node converts that input to the desired twists and advertises it as
a ROS topic. The inverse kinematics node subscribes to that topic and computes
the required position of each of the six prismatic joints to produce the desired top
platform twist. Finally, the inverse kinematics node advertises these six position
commands and they are input into the Gazebo simulation.

Control of the manipulator required implementing its inverse kinematics in a ROS
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Figure 4.2: Structure of the Gazebo simulation control code.

topic. The inverse kinematics of this 6-PUS manipulator are adopted from [46] and
simplified so that they take in the desired twist (position and orientation) of the top

platform and output the required lengths of each leg’s linear rod.

4.2.2 Results

The game controller was used to command the top platform to a desired pose, using
the inverse kinematics described earlier. An additional ROS node was created to log
the actual twist of the top platform and the commanded twist of the top platform.
The twists were logged for 12 seconds while the manipulator was commanded to tilt
its orientation, and another 12 seconds while the manipulator was commanded to
translate its position.

The graph of the commanded and actual twists of the top platform over 12 seconds
of tilting commands are shown in Figure 4.3. Only tilts in the roll and pitch axes are
commanded. No tilt in the yaw axis is commanded.

The graph of the commanded and actual twists of the top platform over 12 seconds
of translating commands are shown in Figure 4.4. Only translations in the x and y

axes are commanded. No translation in the z axis is commanded.
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Figure 4.3: Top platform position and orientation over 12 seconds of tilting commands.
The orange signal is the commanded twist and the blue signal is the actual twist.
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Figure 4.4: Top platform position and orientation over 12 seconds of translating
commands. The orange signal is the commanded twist and the blue signal is the
actual twist.
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4.2.3 Discussion

The Micron model reacted to tilting commands reasonably well. At the very least,
the intention of the input was visible in the output. However, the top platform’s
actual pose jerked around significantly. Additionally, the top platform’s pose did not
follow translation commands at all, instead seeming to tilt. All of these results can
be attributed to modeling error.

Modeling error in the kinematic structure was present throughout the model.
Small errors in the SolidWorks assembly continued to be found and corrected for
months after these experiments. This is to be expected for such a tiny device that
has 82 different metal parts. As a result, the orientation and positions of joints is
slightly off. This contributes to the fact that the third leg of the manipulator cannot
seem to connect properly to the top platform, despite being defined as connected.

A significant source of error was discovered only recently: the wires that connect
the ball joints to the top platform are too long. Longer wires increase the effective
radius of the kinematic top platform and push the legs to become more vertical. This
in turn makes it easier to tilt and makes it harder to translate. It also pushes the
legs closer to the kinematic singularity that results when the legs are all vertical.
Proximity to that singularity gives the manipulator a wobbly behaviour.

There is also large modeling error in the dynamics of the manipulator. For the
moment, none of the joints have been given spring constants or damping coefficients
to define their rigidity or stability. Future work will make the joints far more rigid
and stable. However, accurate characterization of these joints will require the ability
to experiment with a physical model, which can only be performed once its assembly

is completed.

4.3 Toward Automation of a Surgical Sub-task

The initial simulation of Micron in Gazebo provided a roadmap for creating further
simulations, but was not the correct setup for attempting to automate a surgical
sub-task. Although a lot of its modeling error could only be resolved with a physical
model, improvements could be made in the meantime to better interface with standard

reinforcement learning environments. With this in mind, the model was moved to
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PyBullet and a heavily simplified surgical sub-task was identified and automated.

4.3.1 Background

One of the most common vitreoretinal procedures is epiretinal membrane peeling
[33]. This surgery involves puncturing the sclera and using a forceps mounted at the
tooltip to peel away at the membrane that covers the retina at the back of the eye.
The membrane can be as thin as 10 micrometers [54] and exerts minimal forces [35].
Without perceptible haptic feedback, the surgeon runs a significant risk of placing the
forceps too deep into the retina, causing damage to the retina or hemorrhages [43].
Additionally, any manipulation of the tooltip must take into account its interactions
with the sclerotomy. As the tooltip moves, it can rotate the eye and tear the sclera,
so the interaction force at that point must be limited.

Recently, several sensors have been designed to improve the pose and force data
available to vitreoretinal surgical instruments. A depth sensor is in development to
describe the depth between the tooltip and the retina. Several force sensors have

been developed to measure both scleral and retinal interaction forces [43].

4.3.2 Simulation

A simulation environment of Micron performing a fine manipulation task on the retina
is created. The environment is evaluated with a standard reinforcement learning
algorithm. The ultimate goal is to allow a surgeon to position Micron’s tooltip near
the retinal membrane, press and hold a foot-pedal, and have Micron autonomously
grasp the membrane so that the surgeon can further peel away at it. In this simulation,
under several simplifying constraints, Micron grasps and lifts a small rigid object that

is placed on the retina.

4.3.2.1 Infrastructure

Gazebo is unable to simulate deformable bodies, which is of interest in the future,
so Micron needed to be ported into a new simulator. PyBullet is a simulator that
can model soft bodies [23], [24]. Being open-source, it also has many examples and

tutorials to learn from. The fact that it uses Python made it especially quick to
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use. When combined with a custom OpenAl Gym environment [15], it enabled
us to quickly implement Stable Baselines’ reinforcement learning algorithms in our

environment [39].

4.3.2.2 Simulating Micron

In the time between this simulation and the Gazebo simulation, multiple small
kinematic errors were fixed in the SolidWorks model. Additionally, we added a
forceps that had been used with an earlier iteration of Micron onto the top platform
of the manipulator. The forceps uses tiny, pre-curved, metal fingers that close as they
are pulled back into their sheath.

In this simulation, Micron can actuate its six prismatic joints, as well as its forceps.
Since we limit the tool to axial translation, all six prismatic joints move in unison.
The mechanics of the forceps also dictates that the fingers move in unison.

Micron is a parallel manipulator and contains many closed kinematic chains.
However, PyBullet does not allow URDF files to describe closed kinematic chains.
Nor does it enable actuation of joints described in SDF. Instead, PyBullet allows the
user to create constraints that fix a point on one robot to another point on a different
(or the same) robot. We first separated the base platform and the top platform of the
manipulator into two different URDF files and connected them with six constraints.
However, these constraints were enormously insufficient. Moving the prismatic joints
in slow patterns often caused the constraints to become unstuck, separating the top
platform from the base. This was likely due to the tiny size of Micron’s joints. We
repeatedly encountered problems due to the fact that PyBullet was optimized for
much larger robots.

In order to actuate the manipulator using its prismatic joints, we implemented its
inverse kinematics in separate code. The inverse kinematics of Micron are described
in [46]. We could not rely on a library for the inverse kinematics, because the
manipulator has closed kinematic chains. Significant modeling error in the inverse
kinematics was manually worked out, but error still exists because the behavior of the
universal joints and the six constraints was never simulated realistically by PyBullet.
We could not solve this issue without changing the simulator, so we decided to limit

the manipulator to axial translation only.
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We encountered more problems when trying to simulate the contact between the
forceps and other small objects. The translation of each gripper is limited to 0.5
mm. However, PyBullet hard codes a collision margin between objects of not less
than 1 mm. The only solution we could implement without changing the simulator
was to push the collision meshes of each gripper back so that they could hold the
objects. This issue significantly impairs the accuracy of the simulation and further

demonstrates that PyBullet was not meant to simulate such small interactions.

4.3.2.3 Simulating the Eye

A CAD model of the eye was taken from [64] and bisected. For simplicity, all
parts of the eye were kept rigid. Each half was converted into a URDF, with
one half having no collision. The half with no collision was pierced by Micron’s
tooltip. Micron interacted with the half of the eye that had collision enabled.

4.3.2.4 Simulation Task '

A small rigid sphere of diameter 0.5 mm is placed
on the retina inside the eye. Micron is placed
directly above it, inside the eye, so that it could
touch it simply by extending axially. The task
for the manipulator is to reach down to the ball,
grasp it in the forceps, and lift it back to the start
state. This is shown here in Figure 4.5.

This is the first simulation of Micron complet-

ing a task. As such, several simplifying assump-

tions were made to keep the task tractable. As

previously mentioned, all bodies are rigid. Ad- .
ditionally, we fix the handle of the manipula- K
tor. This assumes that the low-level position /
controllers of the manipulator are able to per-

fectly cancel out the surgeon’s hand tremor. We Figure 4.5: Simulation Environ-

also only move the tool axially, which negates the Ment
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significant modeling error stemming from the often-unstuck constraints we used to
model our closed kinematic chains. Finally, we assume no scleral collision, as this
would require us to model the sclera as a soft body.

Several random factors were added to the initialization of the simulation environ-
ment. The angle of the tool relative to the retina was allowed to change in the range
[—7/8, /8] radians and the distance from the ball was allowed to change from 3 to 8
mm. Further random factors, including the friction of the ball and sensor noise were

abandoned due to difficulties in training the model.

4.3.2.5 Sensors and Constraints

In creating this simulation, we wanted to use sensors that were as accurate to the use
case of the manipulator as possible. This included a literature search for real sensors
that we can accurately model. We used a depth sensor, a force sensor to measure
interaction forces between the retina and tooltip, force sensors to measure grip forces
of the forceps, and a sensor for the position of the grippers. The two force sensors
are vital, as we place hard constraints on the forces that can be applied to the retina
and membrane.

A 1-DoF visual depth sensor is in development in the Surgical Mechatronics
Laboratory at CMU. It uses a combination of the visual information to ascertain
the distance from the tooltip to the retina. This information includes the size and
intensity of the light emitted by a light pipe, as well as the shadow cast by of the
tooltip. Since no findings on this sensor have been published yet, we kept perfect
resolution and range for this sensor.

A 6-DOF force sensor was used to measure the interaction force between the
retina and tooltip. Based on a sensor in literature, a 1 cm long, 160 ym diameter
Fiber Bragg Grating (FBG) strain sensor was embedded in a 0.5 mm diameter tool
shaft [42]. The FBG sensor used was the 0s1100 Fiber Bragg Grating from Micron
Optics, Inc. [3], and the sensor was designed to have a wavelength interrogator with
four channels and a resolution and scan frequency of 0.001 nm and up to 2 kHz,
respectively. Additionally, the force resolution for the sensor was 0.001 mN and the

sampling rate was greater than 100 Hz, with confirmed functionality up until 0.25
mN [42].
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To measure grip force we utilized grip force sensible forceps with two optical
FBGs attached to two grasping locations to measure the pinch forces of the forceps.
Commercially available optical FBG sensors with dual 5 mm grating and the ability to
measure tensile strain and thermal variation were used [49]. The sensors are assumed
attached in two different locations to account for both the mechanical and thermal
strain. One grating is assumed to be positioned on the gripper where the strain
was most concentrated during gripping in order to measure mechanical tensile strain.
The second grate is assumed to be located where strain was not concentrated to
compensate for thermal strain. We can utilize the principle that the strain done when
gripping occurs will change the peak wavelength of the gratings and the difference in
the wavelength between the two gratings will give us the grasping force. The force
resolution of this sensor was 1 mN with a confirmed resolution up until 11 mN [49].

In order to ensure minimal damage to the retina, the previously mentioned sensors
were constrained with the following conditions: 1) maximum speed of the tooltip:
1 mm/s, 2) maximum speed of the grippers: 0.1 mm/s, 3) maximum force exerted
on the retina: ~2 mN [79], and 4) maximum grip force exerted on the ball: ~325
mN [79]. Data from the simulation environment was actively fuzzed to be only as

accurate as the sensors would allow.

4.3.3 Problem Formulation

4.3.3.1 Reinforcement Learning Algorithm

In order to evaluate the simulation environment, we used the Deep Q Networks (DQN)
algorithm available in the Stable-Baselines3 Python package [57]. We chose this over
model-based RL because we did not have a good reference movement trajectory based

on real-world data for the full dynamics model.

4.3.3.2 Action States

Using DQN by Stable-Baselines3 with OpenAl Gym meant we had to use a Discrete
action space. Three actions moved the simulated Micron an incremental distance
closer to the retinal membrane, three actions moved it away from the retina, and

three kept it in place. Within each group, one action would increase the Micron
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gripper position (widening the gripper) by an incremental distance, one action would
decrease gripper position, and one would maintain it with no change. This action
space of 9 was chosen because a Micron operator would have direct position control of
the tool in both dimensions simultaneously with fine feedback. (We are also assuming
a perfect actor whose inputs are exactly as planned and does not make mistakes or

conduct unwanted behaviors.)

4.3.3.3 Reward Function

The grasping problem we tackled in this project is very different than most grasping
done by robotic simulations because we do not directly observe the position of the
ball in world coordinates. The retinal membrane is transparent and colorless and the
small workspace of retinal surgery makes intraoperative illumination and photography
extraordinarily challenging. Our determination of whether the ball is in our grasp
and has been lifted can only be informed by the force and position sensors on the
gripper. To compensate for this, we referenced a recent paper on robotic grasping
[45] that used RL with a hierarchical reward function that creates three different
reward functions and then activates them in sequence, adding later stages of reward
or deactivating previous stages when certain triggers are met by state observations.

Similar to how the paper did things, we start with an Approach Stage rewarding
forward movement to the target. This was defined by providing an approach reward
(Tapproacn) that increased as the depth observation (measured from the Micron tooltip
to the retinal membrane) went down. The reward penalized moving away from the
initialized position of the grippers, but it was small to encourage exploration. This
stage continued until Micron arrived at the retina membrane. The reward function
would then switch to the Grasp Stage. This was checked from both depth and force
along the axis of travel, i.e. retinal force, of the observation. If the depth observation
was near zero, or if the observed retinal force met a safety threshold of force constant,
the stage would advance.

The Grasp Stage rewards closing the grippers around the target. 7445 Was
structured to penalize any non-zero value for observed position of the grippers, which
rewarded closing the grippers. 74,45, penalized even more heavily moving the Micron

tool along its axis of travel to prevent piercing the retina. The Grasp Stage would
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end until the observed force against the grippers met a gripper force threshold (which
was set to a value that meant it was highly likely the target was being gripped) or

the observed position of the grippers was 0.

This would change the state of the reward function to the Lift Stage, which
rewarded grip and negative movement. ;¢ gave a reward directly proportional to
observed depth, the opposite of the Approach Stage. However, it also penalized if the
observed gripper position increased. This stage would continue until the observed
depth was equal to the depth at initialization, at which point the episode would

terminate. These stages are shown in Figure 4.6 below.

RESET APPROACH STAGE

M (gripper adj. allowed)
G

PPER WIDT|
" DBSERVATION

o )
y ’f. A TRAVEL RETINA _ 4"
/  AXIS | ~ MEMBRANE
/ : - penalty for
TARGET > breaking
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GRASP STAGE LIFT STAGE

imit max gripper force -

Figure 4.6: The reset state and three stages of the hierarchical reward function
designed for the pick-and-place task in the constrained environment.
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4.3.4 Results

After experiencing difficulty in getting the simulated manipulator to change phases
within the hierarchical reward function, we also took advice from more experienced
robotics engineers. One important suggestion we implemented is a decreased reward
coefficient, which works by penalizing any future rewards gained after violating a hard
constraint, in order to teach the DQN system that reaching those states would make
any successes less rewarding [20]. Unfortunately, after over a week of attempting
various ways to do the hierarchical function we had limited success. No matter what
we did, we could not get the policy to adapt when the reward function switched

stages.

The core issue with the hierarchical reward function was that the policy proved
unable to learn when the reward function had switched stages. If we started it on the
approach task, it quickly learned to move the tooltip deeper, but it could not figure
out when to stop and grasp - even as the grasping reward function penalized deeper
motion. While it was moving forward, it simply did not have enough time to explore
and adapt before hitting the retina and crossing our safety constraints. Attempting
to circumvent this, we started the simulation in the grasping stage and tried to teach
it to grasp and lift. However, we encountered the same issue: it learned to grasp, but
not when to stop grasping. Even as the reward decreased with further grasping and
it violated the hard safely constraint, the policy continued to believe that further
grasping was desirable.

Our workaround to show that RL could accomplish this three-staged maneuver
was to separate it into three separate policies (one for approach, one for grasp, and
one for lift). Reaching a terminal success state for the first sub-policy would complete
it and pass on its final state as the initial state for the second sub-policy, and a similar
relationship exists between the second and third sub-policies. We chose this approach
because we reasoned that a more general model could use action primitives to learn
when to use each state’s policy. This approach proved to be much more successful,

since each policy only had to learn one, unchanging, reward function.

The final approach taken with three sub-policies (one for each stage of the
hierarchical reward design) was successful. The simulated results can be seen in the

video captured at this link (note that the camera follows the ball). The rewards
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during training for each sub-policy are displayed on the next page in Figure 4.7.
Each sub-policy corresponds to a stage in the hierarchical reward system we designed.
Each graph shows some exploration before quick convergence to the best reward and
optimal sub-policy, indicating the need for exploration once converged is minimal and

the optimal trajectory is quickly found and optimized.
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Figure 4.7: The episode returns for the three sub-policies train to accomplish lifting
in the simulation of the human eye.

4.3.5 Discussion

This project was a first step towards simulating Micron and it was full of insights.
Chief among them was that the PyBullet simulator is not well suited for simulating
Micron because it cannot adequately simulate closed kinematic chains and it often

experiences difficulty simulating such small motions and interactions. More than
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anything, this project highlighted the severe sim-to-real gap that would exist in
any simulation of Micron. Such a small device, with such small motions and forces,
is highly sensitive to the idiosyncrasies of its mechanical components and motors.
Significant work would need to be done to capture these idiosyncrasies in a different
simulator that can more effectively use them. Provided that such a simulation were
created, the membrane grasping sub-task that we automated could be reformulated
into a system identification task, where learning from demonstration during surgery
is used to identify the force and position thresholds beyond which we should switch
to a different stage (approach, grasp, or lift). Lacking any physical data, we were
forced to hard code those thresholds into our project. Realistically, though, they are

the most important and variable factors for success of the grasp.
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Chapter 5

Constructing Micron

The main contribution of this thesis has been the physical construction of a new
iteration of Micron. The new iteration is a recreation of the KIST microsurgical
robot, adapted to interface with our group’s advanced control systems and to use the
ASAP optical sensor. The KIST microsurgical robot was chosen as a basis for the
new iteration because it replaces the finicky piezoelectric motors of prior iterations
with much more reliable brushless DC motors. The motors also enable a much more
rigid tooltip that can withstand side load at the remote center of motion (RCM) of
up to 5 N [46]. However, the electromagnetic (EM) tracker it uses to track its pose
introduces three main limitations. First, it achieves a position root-mean-square error
(RMSE) of 10 pm, but only when the electromagnetic source is within 150 mm of the
tracker [46]. At a distance of 250 mm, the position RMSE increases to 20 ym. In a
microsurgical procedure, that much error can be severely limiting. The ASAP optical
sensor has a position resolution of just 4 pum in its workspace [52, 94]. Secondly, EM
trackers are highly sensitive to ambient EM fields and cannot be used with patients
who have medical devices such as pacemakers [77]. Finally, the EM tracker only allows
tracking of the pose of the handle [46]. This limitation forces the control system to use
forward kinematics to estimate the pose of the end-effector from the link-lengths of its
motors, which introduces imprecision wherever the ideal kinematic dimensions of the
manipulator do not perfectly match its tiny, complex parts. Additionally, although
the motors are equipped with encoders, they are relative, and cannot accurately tell

the absolute position of each link without being homed. Since no homing method can
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be easily implemented on this manipulator, the encoders cannot provide the absolute
position of each link. ASAP optical markers can be mounted on both the base and
top platform to provide a measurement of the full 6-DoF poses of both the handle
and the end-effector. All of these factors combined made integrating with ASAP
particularly appealing.

This chapter covers the construction of Micron, beginning with gathering informa-
tion about the KIST microsurgical robot from the ANSUR Laboratory and ending
with a test that analyzes feedback from the ASAP sensor as the manipulator moves
all of its motors. The process has been long, limited at times by severe hardware
delays and a lack of funds, but it represents the most important contribution of this

thesis.

5.1 Manipulator Parts

5.1.1 Fabrication

The mechanical construction of Micron necessarily began with the CAD files and parts
drawings of the KIST microsurgical robot provided to us by Dr. Sungwook Yang.
With those as a guide, we created a new SolidWorks assembly of the manipulator
to better model it. The assembly is shown in Figure 5.1. There are 82 parts, not
counting the motors or standard screws. The motors are all inserted into the base and
held in place by motor holders. Their heads connect to motor couplers, which in turn
connect to custom lead screws. These lead screws turn the motor heads’ rotations into
axial translations of the connected universal joints. The universal joints pivot along
the tilting axes and connect to the ball joints. The ball joints allow 3-DoF rotations

and connect up to the top platform, on which an end-effector can be mounted.

Figure 5.1: SolidWorks assembly of the manipulator.
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We used our assembly to create new parts drawings of the parts. Very few
tolerances existed on the original parts drawings. Such small parts that must move
together dynamically require many tolerances, especially where they must fit together.
We defined tolerances for 18 distinct shaft and hole fits according to the guidelines in
ISO 286-2:2010.

The complexity of these small parts made it impossible to get them fabricated
within our university, forcing us to look for an outside fabricator. In the process of
defining our tolerances, we found that many of them were tighter than the guaranteed
minimum tolerance of even the highest precision fabricator. We discussed the issue
with all quoted fabricators and were advised on the tightest tolerance each was willing
to quote. Two local fabricators, Conturo and Astley Precision, were willing to quote
tolerances as tight as 12.7 pum, but their prices were beyond our budget. SuNPe
Manufacturing, based in China, was willing to quote tolerances as tight as 15 ym.
Their prices were significantly cheaper and within our budget. We relaxed tolerances
for 8 of the fits and obtained assurances that the remaining 10 fits would be tested
on video for us to review before the parts were shipped. We also switched all the fits
to use hand assembly, rather than a press fit, so that they could be more easily tested
for successful assembly.

With the decision made that the parts would be purchased from SuNPe, we
attempted to order the parts. Unfortunately, processing times within our university
delayed the purchase by several months. The parts arrived in January of 2024.
They are shown in Figure 5.2. All the parts were either as ordered or were quickly
refabricated to be up to the tolerances in the drawings.

The only manipulator parts that were not ordered from SuNPe were the screws,
ball bearings, o-rings, and nitinol wire. Varying lengths of M1 screws are used in the
manipulator, all of which were ordered from McMaster-Carr and NBK. Ball bearings
for the universal joints were also ordered from McMaster-Carr. O-rings provide a
buffer between the base plate and the bottom of the universal joints so that they
don’t slam together. Superelastic nitinol wire is used to connect the motor couplers
to the motor screws, as well as to connect the ball joints to the top platform. Wire
that was slightly thicker than that used in the KIST microsurgical robot was used
because we had it laying around in the lab. The appropriate holes in other parts

were ordered wider to accommodate the wire. The lengths of the nitinol wire were
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Figure 5.2: The manipulator parts as they arrived in the lab.

cut in the lab. The wires that connect the motor couplers to the motor screws were
cut to be 17 mm. The wires that connect the top platform to the ball joints were cut
to be 8.5 mm. Additional modifications had to be made to six 3 mm long M1 screws
that were used in the lead screw. These screws screw horizontally into the base plate
and interface with a slit in the lead screws’ slide shafts to restrict the shafts from
rotating. The screws were precision machined to be slightly shorter and pointier so

that they fit into that slit with minimal friction.

5.1.2 Assembly

Connections between the 82 parts of the manipulator are made either with screws
or epoxy. Specifically, Epo-Tek 301 two-component optical grade epoxy was used.

This epoxy has a minimum bond line thickness of just 3 pum and can operate at
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temperatures of up to 300 C, making it well-suited for a manipulator of this size.
The two components of the epoxy are mixed with a 20:5 ratio using eyedroppers and
coated onto the connection before the mechanical parts are fit together. The parts
are then left to cure. Most parts were cured on a soldering hot plate that was placed
inside an insulated reusable wine bag for 2 hours at 65 C. If heating the mechanical
parts to this temperature was inadvisable, the epoxy was cured over 24 hours at room
temperature.

The order in which the connections were epoxied was critical. The first connection
epoxied was between the base body and the wire guide pipe, which fits into its center
hole to provide access along the manipulator for any end-effector wires or tubes. It
was epoxied first to test our setup on an easy connection. With the setup proven, the
other connections were epoxied in accordance with their dependencies. The ball joints
were particularly challenging in this regard. The ball joint includes a socket, a ball
bearing, and a housing. The ball bearing fits into the socket and the housing fits over
it to keep the ball from escaping. The ball bearing has a hole in it to connect to the
8.5 mm nitinol, which in turn connects into the top platform. The connection between
the nitinol and ball bearing was epoxied first. The upper half of the universal joint
was also epoxied to the ball joint’s socket. Then, the ball bearing was placed into the
socket and the housing was epoxied to the socket. This last connection was made at
room temperature to avoid melting previously cured epoxy and accidentally fixing
the ball in place. The absolute last connection epoxied was the connection between
the top platform and the nitinol wires. Again, this was cured at room temperature.
These epoxied parts are shown in Figure 5.3a. The rest of the epoxied parts are
shown in Figure 5.3b.

Each of the motors had to be epoxied to a teardrop-shaped motor holder that fits
and screws into the base body. Each of the motors has a set of sensors in a black box
on its back end which must face inward towards the central axis of the manipulator.
This makes the position and rotation of the motor holder along the motor critical. In
order to epoxy these parts in the correct pose, a stand was printed, shown in Figure
5.4. Epoxy was placed on each motor, their holders were positioned on them, and
they were placed in this stand to cure at room temperature for a day to avoid heating

the motors.
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()

Figure 5.3: The manipulator parts epoxied together. (a) The top parts. (b) The
bottom parts.

Figure 5.4: The stand in which the motors were epoxied to their holders.
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The rest of the parts were more straightforward to epoxy; only a few more
considerations were made. When the bottom half of the universal joint was epoxied
to the lead screw, it was epoxied at an angle that allows easy access to its tightening
screw. When the lead screw’s slide shaft was epoxied to the adapter between it and

the universal joint, care was taken to ensure epoxy did not seep into the threads. The

final assembled parts are shown in Figure 5.5.

Figure 5.5: The assembled manipulator parts.

Several errors were made and had to be fixed during the assembly of the manipu-
lator. These include accidentally fixing a ball joint in place and fixing motor holders
to the wrong position along their motors. A variety of methods were tried in order to
remove the epoxy and disconnect the parts. First, repeatedly boiling the ball joint in
an old pot of water melted the epoxy and helped disconnect it from the top half of
the universal joint. However, it proved ineffective at getting the ball joint’s housing
free from its socket. Second, bathing the ball joint in toluene, a strong solvent that is
noncorrosive to most metals, was attempted, but proved ineffective. The ball joint
was particularly challenging to disconnect because its connected surface area was
greater than a shaft and hole fit. In the end, a new ball joint was ordered. The final
method of disconnecting epoxied parts was heating them to 400 C on the soldering

hot plate. This was used to successfully salvage a motor holder from a broken motor.
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At that temperature, the epoxy quickly oozed out of the crevice between the parts as

ash and tweezers were used to separate the parts.

5.2 Electrical Parts

In preparation for wiring up the full electrical setup, several custom PCBs had to be

designed and assembled, as discussed in the below subsections.

5.2.1 Custom Motor Electronics

The design of the electronics of the manipulator started with the motors. Seven
EC4-431182 Maxon motors were ordered from Maxon Precision Drive Systems, six
motors for the manipulator and one as a spare. Six of Maxon’s EPOS4 Compact
24/1.5 EtherCAT drives were also ordered. These drives communicate with a master
controller over an EtherCAT daisy-chain and each connect to a single motor. They
allow control of the motors in a variety of modes using current, velocity, and position
PID controllers. The motor and the EPOS4 drive are shown in Figure 5.6.

(a) (b)

Figure 5.6: The maxon motor (a) and maxon EPOS4 motor driver (b) used in the
manipulator.

The drivers are bulky and must be held separate from the manipulator inside
a desktop enclosure. However, the motor that connects to them has a flat flexible
connector (FFC) that is only 50 mm in length. Therefore, some means of lengthening

the connection needed to be created.
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Each motor has 11 distinct signals it must connect to its driver. They power the
motor (all three windings), they provide a common ground, they provide power to
the sensors, they return data from the digital incremental encoder (A, B, and I),
and they return data from the Hall sensor (H1, H2, and H3). These signals must
be hooked up for all six motors, meaning a total of 66 independent signals must be
routed from the motors to their drivers.

The cheapest method of delivering these 66 signals is to use a data-carrying USB-C
cable for each motor. Each cable has 16 independent wires. The motor windings
and ground signal must carry increased current, so they were allocated thicker wires.
Ground and one of the winding signals were allocated 24 gauge wires. The other
windings were allocated three 32 gauge wires each. All other signals were allocated a
single 32 gauge wire.

Two PCBs were designed to convert the USB-C connectors on either end of the
cable into the motor’'s FFC and the motor driver’s terminals, respectively. They are
each shown in Figure 5.7. The Motor Adapter PCB is just 16.5 x 11 mm. It can be
mounted with two M1 screws. The Driver Adapter PCB has screw hole terminals to
connect to the EPOS4 driver. It can sit freely next to the driver. The data-carrying
USB-C cables with the smallest footprint possible were purchased. They are 2 meters
in length.

Figure 5.7: The motor adapter PCB (a) and driver adapter PCB (b).

Soldering these boards turned out to be a non-trivial and time-consuming task.

Low-temperature Bi57 ChipQuik solder paste was used, along with stencils and a hot
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plate. When all the original quantity of ordered boards was used up, new boards with

an immersion gold finish had to be ordered, which greatly improved their solderability.

5.2.2 Custom ASAP Electronics

Two PCBs were created to connect up the ASAP electronics. In order to find the
poses of the base platform and the top platform, the ASAP optical sensor must be
able to see three infrared LEDs mounted to each platform. The three LEDs mounted
to the top platform are located on a triangular flexible PCB, which delivers power to
them. The three LEDs mounted to the base platform are located on a fork-shaped
flexible PCB. These two PCBs are shown in Figure 5.8.

(b)

Figure 5.8: ASAP’s triangle-shaped flexible PCB (a) and fork-shaped flexible PCB
(b).

ASAP’s flexible PCBs have been used for earlier iterations of Micron [93] and
had already been designed and created. However, only the fork-shaped PCB was still
around in the lab. The triangle-shaped PCB needed to be reordered and assembled.
Old KiCad files for the triangle shape were found and imported into Altium Designer,
where the dimensions of the PCB were recreated as closely as possible. New copies
were ordered and assembled with the same LEDs.

Each flexible PCB provides a common voltage source and independent drains for
its LEDs, which each pulse at different frequencies. Therefore, seven independent
signals had to be routed back to ASAP’s desktop enclosure. Similar to the motor
signals, this was done with a USB-C cable. In this case, one end of the USB-C
cable was adapted to use a 10-pin Hirose HR10A connector, which plugs directly into
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ASAP’s desktop enclosure. The ASAP Adapter PCB that mounts on the manipulator
is shown in Figure 5.9. It takes in the FFCs from the ASAP markers and converts
them to a USB-C receptacle. This PCB was ordered and assembled.

Figure 5.9: The ASAP adapter PCB.

5.3 Auxiliary Parts

Several auxiliary parts were designed to be placed on the manipulator. They include
a handle, PCB mount, mounts for ASAP’s optical markers on both the base and
top platform, and a desktop enclosure. An updated CAD assembly of the overall

assembly can be seen in Figure 5.10.

Figure 5.10: CAD of overall assembly with the following new components: 1) Handle,
2) PCB Mount, 3) Mounts for ASAP Optical Markers.

65



5. Constructing Micron

5.3.1 PCB Mount

There are seven PCBs that must fit into the overall design: 1 ASAP PCB and 6
PCBs that each connect to a motor. All of the PCBs connect to flat flexible cables
on one end and a USB-C cable on the other. All of the PCBs need to fit in a way
that keeps the wires separate and in a compact design to reduce the amount of space
taken up in the overall design. The holes in the mount are M1 screw holes, which are
necessary to constrain the mount within the overall assembly. Figure 5.11 shows a
CAD model of the PCB mount with no mounted PCBs on the left, and with mounted
PCBs on the right. The mount was 3D-printed.

(a)

Figure 5.11: PCB mount CAD drawings: a) PCB mount without PCBs, b) PCB
mount with PCBs.

The many screw holes in this part were found to break apart easily when tested,
so metal screw threads were melted into each hole to interface with the screws. As
shown in Figure 5.10, the mount attaches to the wire guide pipe at the proximal end
of the manipulator. Connecting a 3D-printed mount to the manipulator with epoxy
seemed inadvisable, so mount is instead epoxied to a metal tube that slides tightly
over the wire guide pipe. This constrains the mount in all degrees of freedom except
rotation around the pipe’s axis. To constrain that final DoF, it connects to the handle

with four screws. The mount is shown attached to the manipulator in Figure 5.12.
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Figure 5.12: PCB and ASAP Mounts connected to the manipulator.

5.3.2 Mounts for the ASAP Optical Markers

ASAP optical markers contain infrared LEDs that are monitored by the ASAP camera.
When looking at the overall assembly in Figure 5.10, they are located on the bottom
right.

There were three main design considerations for the ASAP optical marker mounts.
First, the ASAP mount for the top platform needs to be lightweight and have a
small-footprint so that it does not interfere with the motion of the tooltip. Second, the
top mount must have a slit for the flexible-flat cable (FFC) to feed through and return
to a PCB at the base of the manipulator. Third, the two mounts need to maintain a
distance between the markers comparable to the distance in prior iterations of Micron
because that distance was empirically optimized to reduce interference between the

LEDs while still providing an adequate workspace.

In the CAD design, we visualized how the ASAP markers and mounts would
attach, as can be seen in Figure 5.13. The triangle mount attaches on top of the
top platform with three screws. It bends upward before bending down in order to
increase the distance between the two markers. It also includes the slit through which
its FFC fits. The fork mount attaches to three screw holes on the side of the base
body. There was not enough space in its bend for a slit so the triangle FFC is routed

around it.

Each of these mounts was ordered from Xometry to be laser-cut from 0.8 mm

thick Aluminum and bent into shape. The mounts are shown attached on the parts
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Mount

ASAP marker ASAP marker

() (b)

Figure 5.13: ASAP optical marker CAD drawings for the a) triangle flex marker and
mount and b) fork flex marker and mount.

in Figure 5.12.

5.3.3 Handle

The handle is necessary to enclose all the mechanical and electrical components of
the overall assembly, with an eye to ergonomics to allow the surgeon to manipulate
the tool. The handle was designed in SolidWorks, as can be seen in Figure 5.14. The
bottom part of the handle is designed to provide strain relief to the PCBs and USB
cords, ensuring the USB-C cables do not tear the USB-C receptacles off of the PCBs.
This section is necessarily large to accommodate the seven USB-C cables that must
connect to the manipulator. As soon as possible, the handle narrows to provide a
better grip. For now, the handle does not cover the universal and ball joints of the
manipulator so that it does not interfere with the movement of the top platform
and its connected ASAP mount. A closure on the proximal end of the manipulator
compresses the USB-C cables as they exit the handle to provide strain relief to the
attached motor driver PCBs.

The handle was printed using a resin printer with heat-resistant resin. It attaches
to the base body of the manipulator using the same three screw holes as the fork-
shaped ASAP mount. It also screws into the PCB mount to provide additional
support against jostle independent of the manipulator. It is imperative that jostle of

the manipulator inside the handle be kept to a minimum, especially during calibration
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Figure 5.14: CAD drawing of the handle.

of the ASAP sensor, when the manipulator must be able to be mounted and kept in

place. A picture of the handle attached to the manipulator is shown in Figure 5.15.

Figure 5.15: The printed handle attached to the manipulator.

5.3.4 Desktop Enclosure

Finally, a desktop enclosure was designed to house all the electrical components of
Micron, with the following main components: a power switch, a 12V 30A power
supply, a Jetson Nano computer, a fan, the EPOS4 motor drivers, the driver adapter
PCBs, the USB-C connections to the motors, a power supply connection for the
Jetson Nano, an ethernet connection for the Jetson Nano, and USB connections for
the Jetson Nano. The enclosure is shown in Figure 5.16.

In the close-up pictures of Figure 5.17, it can be seen that the driver PCBs

are stacked using standoffs, and there are USB-C connections going outside of the
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Figure 5.16: Top view of desktop enclosure with labeled main components.

enclosure, which are attached to the motor adapter PCBs mentioned previously. All
cables running through the walls of the enclosure are run through connectors mounted

in the walls to provide strain relief.

Figure 5.17: Close-up pictures of desktop assembly highlighting a) the tower of driver
PCBs and b) the USB-C connections to outside of enclosure.

The design of this enclosure was very hasty and the wiring is problematic. The
driver adapter PCBs were designed with the idea that they would each be placed

in separate boxes with their EPOS4 driver. However, the limited space made that
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impossible. The wires running between each driver and its adapter PCB are bundled
with zip ties as much as possible, but the problem remains. The driver adapter PCBs
should be redesigned to connect the USB-C cables to some other connector receptacle,
rather than screw hole terminals.

Additionally, the USB-C cables are incredibly rigid, which made fitting them into
the small enclosure very difficult. At one point, the strain caused by the small cables
inside the enclosure caused a USB-C receptacle to snap off a driver adapter PCB.
The best fix to this issue would be to use a floppier cable. For example, the KIST
microsurgical device uses RHD ultra thin SPI interface cables from Intan Technologies.
Though expensive, these cables are smaller and much more floppy. Floppier cables
would also benefit the manipulator itself. Currently, the manipulator is hard to hold
because the rigidity of the USB-C cables imposes significant strain on its proximal

end. This strain could be alleviated with floppy cables.

5.4 Firmware

The control systems of the manipulator, as well as the ASAP sensor, are run on a
National Instruments real-time computer with LabVIEW. This computer, termed
hereafter as the NI box, existed from prior iterations of Micron. However, it cannot
communicate with the EPOS4 drivers to send commands to the motors and receive
status information. The drivers communicate over an EtherCAT daisy chain and
require a precise 1 kHz command, which the NI box is slightly too slow to provide.
To remedy this, a computer was placed in between the NI box and the EPOS4s.
Its purpose is to communicate with the EPOS4s over EtherCAT, buffer commands
from the NI box, and send them out at an exact 1 kHz rate. It also sends status
information for each motor back to the NI box. It is connected to the NI box over
a LAN Ethernet cable, sending and receiving UDP messages. A diagram of these
connections is provided in Figure 5.18.

A Raspberry Pi 4 Model B was initially chosen for this computer due to its low
cost and the high bandwidth of its Ethernet port. Its Raspbian OS was patched with
PREEMPT_RT to make it in real time at 1 kHz. However, tests of the latencies
in its execution loop showed that it could not achieve the necessary speed. As a

replacement, an NVIDIA Jetson Nano was chosen. There were several reasons for this
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Figure 5.18: Diagram of the communication from the NI box to the motors.

choice. First, it was similarly low cost. Second, NVIDIA has worked with Concurrent
Real-Time to produce a version of its real-time RedHawk Linux that operates on the
Nano. Concurrent Real-Time generously gave us use of their software for this project
for free. Third, its Ethernet port had the same 1 GB/s bandwidth as the Raspberry
Pi. Fourth, the significant computing abilities of the Nano enables the development
of additional control methods using machine learning, as in [95]. It would also enable
implementing computer vision algorithms like [87] that have already been used in

prior versions of Micron directly on the Nano.

5.4.1 EPOS4 Device Driver

To implement EtherCAT communication with the EPOS4s, we used LIRMM’s open-
source ethercat-cpp C++ package for low-level functions [63]. This package, built into
their larger PID framework, includes code dedicated to controlling the same EPOS4
drives used in our project. The original code we worked from controlled a single
motor to a single target position. This code was adapted to control all six motors
to separate target values that are read from shared memory. The code also receives

status bytes and position, velocity, and torque readings back from the EPOS4s, which
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it writes to shared memory. Finally, the code has the option to log all its commands
and statuses.

The EPOS4 device driver is run on one of the Nano’s 4 cores by a scheduling process.
Specifically, this process invokes RedHawk Linux’s Frequency-Based Scheduler to run
the driver at 1 kHz. Every millisecond, the driver reads the shared memory, sends
the commands to the EPOS4s, reads their statuses, and writes those statuses to the
shared memory. To verify the real-time function of the code, a GPIO pin on the
Nano was toggled every cycle. The pin was monitored with a logic analyzer, which

showed max scheduler error of just £15 ns, more than sufficient for the application.

5.4.2 NI Box Device Driver

The taskset command is used to run the NI box device driver on a separate process.
It is not scheduled like the EPOS4 Device Driver. Instead, it executes a blocking
read on a UDP port for a command from the NI box, reads the newest command as
soon as it arrives, writes it to shared memory, reads the status from shared memory,
and writes that status to a separate UDP port to send it back to the NI box. As
commands and statuses are passed through this driver, their units are converted.

Again, the code has the option to log all its commands and statuses.

5.4.3 Controlling the Motors with the Jetson Nano

Tests have been run to control all six motors directly from a command line interface
(CLI) on the Nano. Since the Nano and EPOS4s do not provide motion profiling,
it is inadvisable to operate the motors in cyclic position mode. Instead, they are
operated in cyclic velocity mode, with velocities being commanded to the motors
every millisecond. The CLI is useful for situations where we want the motors to move

into a specific pose and want to use our own eyes as feedback.

5.5 Calibration of the ASAP Optical Sensor

With every new manipulator, the ASAP optical sensor must be calibrated so that it

learns the pose of the infrared LED markers when the manipulator is in a ”null+2z”
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pose. The null pose of the manipulator is its position when the top platform is located
directly above the base platform, parallel to the base, and with no yaw rotation about
the central axis of the manipulator. In the null pose, the top platform is generally
regarded to be at the center of its axial translational workspace. The null+z pose
simply adds a z-offset to the null pose. A fixture, shown attached in Figure 5.19, was
resin printed to hold the manipulator in the null4+z pose. The calibration fixture
attaches to the base platform with screws and fits snugly over a part of the top
platform. The fit over the top platform includes a flat edge to constrain any yaw

rotation.

Figure 5.19: Calibration fixture and metal triad attached to the manipulator to keep
it in the null4+z pose.

A metal triad is fit tightly on top of the calibration fixture, with its yaw rotation
constrained by the fixture. This triad includes a sharp needle point at each of its
ends. The calibration procedure cycles counter-clockwise through each of these needle
points. Micron is clamped in place within ASAP’s workspace, as shown in Figure
5.20. A separate needle is clamped into place touching the tip of one of the triad’s
needles. The pose of the ASAP markers is recorded. Micron is moved to a separate
pose, but is kept touching the same unmoved needle. After the pose of the ASAP
markers has been recorded in 6 different manipulator poses, the needle is moved to
touch a new triad needle point and 6 more poses are recorded. The same is done for
the last needle point. Using the hard-coded kinematics of the manipulator, the NI
box optimizes for the homogeneous transformation between the markers and the base

and top platform.
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\

Figure 5.20: Calibration setup. Micron is fixed in the null+z pose and clamped into
ASAP’s workspace.

5.6 Moving the Motors and Analyzing Feedback
from the ASAP Optical Sensor

Once the manipulator was calibrated, its inverse kinematics were implemented on the
NI box. The control software on the NI box takes in measurements of the 6-DoF poses
of the handle and end-effector from ASAP, defines a goal pose of the end-effector,
and uses inverse kinematics to determine the changes required in the positions of the
prismatic joints. The motors are commanded with velocity commands from the NI
box. Velocity control allows more of the controller to be built and edited in the NI
box and does not require a homing method for the motors, which would be difficult

to implement on such a small device.
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With the inverse kinematics implemented, a test was run to verify their operation.
The NI box measures the poses of the handle and end-effector with ASAP and runs
the inverse kinematics to estimate the linear positions of each of the motors. Each of
the motors was moved to up and down consecutively and the NI box’s estimation
of how the motors had moved was compared to the motors’ encoder measurements.
The results are shown in Figure 5.21. Unfortunately, this test showed early on that

these estimates are not currently reliable.
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Figure 5.21: Plots of the estimated position of each motor while each of the motors
is commanded to moved in turn.

The NI box’s estimates of the motor positions roughly follow the encoder readings
for all motors except motor 2. However, even when the trend is visible, there is still
significant error. The implementation of the inverse kinematics and the calibration
software was thoroughly debugged prior to these results. The kinematic data that was
entered to define the kinematic structure of the manipulator was also compared against
measurements taken on the physical manipulator, but no significant deviations were
discovered. There is one likely culprit: a distinct wobbly behavior in the manipulator.

During ASAP calibration, it was noted that the assembled manipulator was far
more wobbly than expected. Specifically, one can move the top platform without
moving any of the prismatic joints. Ideally, the positions of the six prismatic joints

should constrain the top platform to one pose. As soon as we noticed this issue, we
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reached out to the ANSUR Laboratory at KIST to see if they had seen the same
problem. They sent back a video showing essentially no wobble. The video also
showed that the nitinol wires they used to connect their top platform to their ball
joints is shorter than ours. An error in the dimensions given to us for this wire led us
to cut these wires too long. Since the wires exit the top platform at an outward angle,
longer wires increase the effective kinematic diameter of the top platform, which forces
the struts to lean at a much more shallow angle, so that they are almost vertical. A
kinematic singularity exists in a 6-PUS manipulator when its legs are vertical [46].
Proximity to this singularity allows the top platform to wobble independent of its
prismatic joints. Since the top platform can wobble when its prismatic joints are
fixed, the inverse kinematics are no longer a function with a single solution. Since
they are implemented in a way that assumes only a single solution exists, their output

cannot be trusted with the current mechanical structure of the manipulator.
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Chapter 6

Conclusion

6.1 Contributions

This thesis demonstrated the construction of a new iteration of Micron with more
reliable and stiffer motors. The design is based off of the KIST microsurgical robot
and then integrated with existing Micron control software and the ASAP optical
sensor, for more accurate and informational pose measurements. Hardware delays
and budget constraints often characterized this project. During those delays, the
applicability of a parallel continuum manipulator’s design to Micron was investigated.
The kinematics and dynamics of a representative manipulator was simulated. The
stiffness of various possible designs for Micron was evaluated and ultimately the
concept was proven infeasible.

During further delays, the first steps toward a full kinematics and dynamics
simulation of Micron were taken. T'wo simulations, one in Gazebo and the other in
PyBullet, were created. Although the lack of a physical Micron made it impossible
to accurately simulate the manipulator’s dynamics, its kinematic performance was
evaluated in both simulations, with Gazebo displaying the best performance at
Micron’s small scale. A heavily simplified version of Micron in PyBullet was automated
to pick up a small object on a model retina, the first step toward automating a surgical
sub-task.

The hardware arrived just in time to enable the physical construction of the next

iteration of Micron. The 82 parts of the manipulator were assembled carefully with
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epoxy and screws. Auxiliary mechanical parts were designed and constructed to hold
PCBs and house the electronics. Custom PCBs were designed, assembled, and tested.
Firmware was written to connect the motors to existing control software and the
ASAP optical sensor in the lab. ASAP was calibrated for the new manipulator. The

manipulator was moved and its pose was measured with ASAP.

6.2 Future Work

In Micron’s current design, no more work regarding the application of parallel
continuum manipulators to Micron is required. Our analysis showed that their
compliance makes them uniquely ill-suited for the current design of Micron. Whenever
the parallel continuum manipulators we examined were compliant enough to be
actuated by the motors to a sufficiently large workspace, they were too compliant
to resist side load at the remote center of motion (RCM). This broke two design
rules of Micron: that it should have a sufficiently large workspace and that it
should not be affected by side load applied at the sclerotomy. Should these design
requirements of Micron ever change, parallel continuum manipulators would merit a
second look. Specifically, compliance to side load would make the sclerotomy safer by
reducing the chances of it tearing. Additionally, studies performed with prior 3-DoF
iterations of Micron observed that ophthalmic surgeons often brace their tools against
the side of the sclerotomy during a pars plana vitrectomy. This bracing method
steadies the tooltip, making its position error steady-state and easy for the surgeon
to unconsciously compensate for. Whether such a method would be effective for a
6-DoF Micron remains to be seen.

Significant work remains for the simulation of Micron. Although the kinematics
of the Gazebo simulation were more accurate than the PyBullet simulations, larger
error still remained. A variety of reasons could account for this, from errors in the
CAD model of the manipulator to errors that we see today in the physical design
of the manipulator such as the lengths of the nitinol wire that connects to the top
platform. Work has already been done to correct errors in the CAD model. Future
work will characterize the correct lengths of this wire on the physical manipulator
and correct the CAD model. Once this is done, the kinematic simulation could be

reevaluated. The lack of a physical prototype of the manipulator during simulation
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left the dynamics of its joints a mystery. These dynamics could be characterized and
incorporated into the simulation. Lastly, our attempt to automate a surgical sub-task
had to be so heavily simplified that it strayed far from a realistic simulation of the
manipulator. However, the idea remains and could be implemented in a different
simulator. The fact that Gazebo does not natively support deformable objects should
push future work toward a new simulator that is used specifically for robotic surgery,
such as SOFA or CHAI3D. The project also suffered from a lack of information about
the retinal interaction forces observed during epiretinal membrane peeling. Future
work should begin by characterizing those forces with retinal force sensors inside real
eyes.

Work also remains for the construction of Micron. The wobbliness we’ve observed
with the top platform must be fixed. There are three approaches that should be
taken to remedy this. First, the nitinol wire that connects the top platform to the
ball joints is too long, increasing the effective kinematic diameter of the top platform
and making it less stable. These wires should be removed and shortened. Before
they are epoxied in place, they should be super-glued and the manipulator’s stiffness
tested to verify that the new lengths are correct. Second, the universal joints should
be tightened with new screws that better resist loosening. Screws with nylon on their
tips would provide the friction to better stay in place. Third, preload springs should
be added to the manipulator to reduce backlash and wobble. Three springs could be
inserted between the base and top platform to pull them into place and stabilize the
top.

The seven USB-C cables that connect the manipulator to its enclosure would
merit a redesign. These cables were used because of their low cost. However, they
have proven far too rigid to use in a handheld manipulator. Several times, the strain
they exert has ripped USB-C receptacles off of our PCBs. Additionally, the strain all
seven cables exert at the proximal end of the manipulator makes it difficult to hold
and manipulate. In the short-term, this can be alleviated by holding the cables up
above the manipulator. In the long-term, these cables should be replaced with cables
that are smaller and floppier, like the RHD ultra thin SPI interface cables from Intan
Technologies. Smaller cables would also allow for a smaller handle. New PCBs would
have to be designed for new cables, but this would again be an opportunity. The

wiring in the desktop enclosure is messy because screw hole terminals are used to

81



6. Conclusion

connect the EPOS4 drivers to the driver adapter PCBs. The EPOS4s have connector
receptacles on them that should be used in conjunction with connector receptacles
on new PCBs to significantly simplify the wiring.

Once the manipulator’s wobbly behavior is fixed, a number of procedures must
be followed to make it ready for use in experiments. First, ASAP will need to be
recalibrated and its updated kinematic data will need to be entered. Even with
these updates, the complexity of the small joints allows a significant accumulation
of kinematic error. This error could be reduced with a calibration procedure that
optimizes the kinematics to fit a collection of poses taken with the actual manipulator.
Then, the dynamics of the manipulator can be characterized. The manipulator is
controlled with velocity commands to avoid the need to home it, but a recentering
algorithm is needed to move the top platform into the null4z pose directly over and
parallel to the base. Once this all implemented, work can proceed to validate the
workspace of the manipulator and its resistance to side load. Work can also be done
to characterize the frequency response of the manipulator. Experiments involving the

manipulator working inside some model of the human eye are the eventual target.
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