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CHAPTER 1

Introduction

1.1 Overview

Robotic systems have been used for manipulation augmentation over the past three decades.
Examples include systems that address physiological limits by offering tremor lItration and
motion scaling. Robots for computer-aided surgery have been used to alleviate perception
and motor control limitations by enabling milligram force sensing and micro-scale motion

in surgical tools. Of the two control frameworks for robots in surgery, telemanipulation and
cooperative (hand-on-hand) control, there is an emphasis on the latter over the past three
decades for surgery (e.g. [8-10]) as well as in manufacturing (e.g. [11, 12]).

The introduction of collaborative robotics to the medical eld has led to new surgi-
cal techniques (including less invasive access) and to otherwise physiologically impossible
surgical procedures in retinal microsurgery [13]. This body of work is aimed at address-
ing the limitations within the two broad areas of robots for microsurgery and collaborative
control of robots. Speci cally, this work aims to explore opportunities for sensory-guided
control and adaptive virtual xtures for retinal microsurgery. We also aim to address the
nancial challenges associated with high-motion resolution mechanisms via easily manu-
factured mechanical imaging aids and actuators employing components with unsubstantial
manufacturing speci cations.

This dissertation aims to provide contribution to two general categories as outlined in
Fig. 1.1. First, we explore low-cost considerations for micro-scale motion with mech-
anisms to improve the image quality of retinal Optical Coherence Tomography (OCT)
images and utilizing Twisted Wire Actuators (TWA) for enabling micro-scale motion in
parallel manipulators. The second category explores assistive cooperative robotics on a co-

operative robotic system with a variable admittance control scheme informed by B-Mode



OCT designed for subretinal injections.

Figure 1.1: The chapter outline for this dissertation displaying the two main categories this
work falls under: 1) Low-cost considerations for micro-scale motion where we explore
accurate OCT volumes with an RCM device in Chapter 3 and Parallel mechanisms for
Multi-Scale Motion Motion using TWAs in Chapter 4. 2) Assistive cooperative robotics
where we present an external approach to subretinal drug delivery with B-Mode OCT and
robotic assistance in Chapter 5 and discuss ex vivo and in vivo porcine eye experimental
evaluations.

We believe our contributions to the eld of robotic ophthalmic surgery as well as the
design, modeling and control of low-cost micro-motion mechanisms will improve the out-
come of vitreoretinal therapeutic interventions and lower the barrier to access of devices

for higher diagnostic delity and multi-scale manipulation robots.

1.2 Background and Motivation

With the continued evolution of our understanding of diseases there are growing pressures
for innovative surgical techniques which challenge the capabilities of currently available
tools that may be addressed with robotics. Collaborative surgical robots aim to make
surgery safer for the patient and more informed and comfortable for surgeons. In mini-
mally invasive surgery (MIS) a few small access ports are used to pass long slender tools
into a patient's body. The tools are passed through trocars causing a fulcrum effect invert-
ing the surgeon's hand motions with the tooltip motions seen when using a microscope
or on video. These long slender tools introduce dexterity constraints because they offer a
limited number of degrees of freedom and the motion envelope of these tools when used

through trocars is con ned.



1.2.1 Retinal Microsurgery

The boundary of anatomical access for surgical repair is continually pushed with the ex-
ploration of MIS techniques and consequently the demand for microsurgery capabilities.
Vitreoretinal surgery, for example, is only possible through scleral trocars, demonstrated
in Figure 2.1, because open surgical approaches are too traumatic to the eyeball. With
an aging world population, there is a growing need for optimizing surgical techniques
for resolving age-related ophthalmic diseases such as macular degeneration and Epireti-
nal Membrane (ERM). However, the retina is a very delicate tissue with substantially low
force thresholds for sustaining irreparable damage.

A large percentage of ERM occurrence is associated with aging but ERM is also con-
sidered idiopathic. It is the development of an opaque brous membrane on the retina
that can cause diminished visual acuity and/or metamorphopsia (visual distortion) [14] or
more severely lead to retinal detachment, hemorrhage, macular holes, etc. [15]. There
are few works in the literature that explore enzymatic ERM degradation or other medical
approaches, however, mechanical ERM peeling is the favored solution for the membrane
[16]. The success of membrane peeling requires high precision tasks at the limit or be-
low the limits of physiological tremor and force perception. Although ERM peeling toes
the line of physiological feasibility, it is a regularly practiced procedure, and the literature
presents a few robotic systems to address these physiological limitations [3, 17, 18].

Beyond procedures that are possible manually without mechanical assistance, there are
proposed surgical approaches to ophthalmic diseases that are only possible with robotic
assistance. One example is retinal vein cannulation (RVC) where the retinal vein, with
an average diameter of 18P 15:22mm [19], is injected with a protease to resolve a
clot that starves retinal cells of oxygen. Despite the high global incidence of retinal vein
occlusion (RVO) [20] there is no infallible standard of care due to the limitations presented
by physiological tremor and force perception thresholds. The literature presents a few

examples of robotic systems for RVC [5, 18, 21-23].



Similar to RVO, there is no widely accepted procedure for surgical repair of macular
degeneration. Experimental injectable gene therapies are being explored to retard and/or in-
hibit degeneration (Voretigene Neparvovec) but are highly sensitive to injection-site preci-
sion. The same physiological limits plaguing RVC make subretinal injections exceedingly
dif cult when manually performed. The combination of physiological tremor with a lack
of force perception during a subretinal injection can cause retinal tears, retinal hemorrhage,
or incomplete injection to target regions.

This dissertation builds on the technological contributions from the literature discussed
above by presenting a collaborative robotic system for subretinal injection with sensory
feedback informing control parameters. In Chapter 5 we propose a novel approach for the
delivery of subretinal injections that signi cantly reduces the surgical burden by utilizing an
extraocular path and leveraging OCT imagery to precisely target the space within the retinal
pigment epithelium (RPE). We present a novel admittance-controlled robotic system that
is capable of adapting to the surgical environment and actively adjusting the human-robot

interface to increase the probability of a successful injection and minimize iatrogenesis.

1.3 Technical Gaps and Contributions

Although considerable contributions have been made to the eld of collaborative robotics
in surgery as mentioned in Section 1.2, there continues to be unmet needs the research
presented in this dissertation is aims to address by innovation based upon collaborative
manipulation for surgical augmentation. We propose new approaches for collaborative ma-
nipulation in ophthalmic surgery and an approach for closed-loop variable virtual xures
(assistive control laws) for subretinal drug delivery via an extraocular route. We also con-
sider low-cost solutions addressing the need for precision during OCT-based diagnostics
and manipulation. Also in the context of low-cost solutions, our work seeks to provide
contributions to the area of design, modeling, and control of robots and mechanisms with

high-precision micro-motion capabilities. What follows is a brief overview of the technical



gaps in the literature and the contributions we propose to address those gaps.

1.3.1 A low-cost solution for diagnostic imaging using OCT

OCT has proven to be effective in clinical diagnostics [24] but has limitations associated
with ergonomics and physiological tremor affecting image quality. Prior works have pro-
posed alternative OCT probe designs for better ergonomics to improve image quality in
OCT-angiography and high-frequency engines to decrease imaging time [25]. Others have
proposed a statically balanced mechanical apparatus to carry an OCT probe for supine reti-
nal imaging [26] which bears the mass of the probe freeing the practitioner to focus solely
on probe positioning. These approaches have been shown to improve the image quality and
clinical usability of OCT, however, they are lacking in providing ne motion tuning of the
OCT-probe position.

Acquiring images without distortions and for accurate measurements of retinal struc-
tures requires precise orientation of imaging devices with respect to the pupil and retina
[27, 28] as well as minimizing probe motion caused by physiological tremor. Three-
dimension (C-Mode) OCT images are generated by stacking evenly spaced B-Mode im-
ages and distortions are hard to avoid because physiological tremor alters the B-Mode
image spacing. Directional OCT is a form of OCT imagery that images through points
of the pupil other than the absolute center which enables accurate identi cation of retinal
pathology [29] without the distortion caused by light refraction through the eye lens. The
required orientation angles for clear images are on an order of magnitude of single degrees,
which is dif cult to achieve manually without aid. Additionally, the high resolution and
the eld of view available with OCT are such that locating a speci c retinal landmark is
exceedingly dif cult with a manual probe.

The literature presents automated pupil tracking and actuated mirrors to precisely mod-
ulate the entry point of the OCT image beam without reliance on the user to manually

control probe orientation [30]. There are also works developing robotically controlled sys-



tems for OCT that employ pupil and retinal tracking to autonomously aim an OCT probe
for retinal imaging [31, 32]. Although fully robotic systems are capable of providing pre-
cise ne motion and orientation control during OCT imaging, they are cost-prohibitive in
research and clinical deployment. Therefore, there is a need for a practical cost-effective
solution for controlling an OCT probe's position and orientation which our work aims to
address.

In Chapter 3 we present a statically balanced remote center of motion mechanical link-
age to carry a traditional handheld OCT probe (Bioptigen Envisu R2200 Spectral Domain).
While of oading the mass of the probe from the user, ne motion control of the OCT
probe's orientation around one axis is enabled with a parallelogram mechanism. There is
also a rotary stage that enables orientation adjustment around another axis and both orienta-
tional adjustments obey a remote center of motion (RCM) constraint. There is an additional
three degrees of freedom of cartesian adjustment of the OCT probe.

We show the profound improvement of OCT images afforded by the RCM device
when imaging retinal phantoms in comparison to traditional manual imaging. This work
proves to be a viable tool to aid with OCT-based diagnostics by improving manipulation
ergonomics, providing precision control of the OCT probe, and reducing the effects of
physiological tremor during imaging. This device can simplify clinical OCT diagnosis
for supine imaging by relieving the cognitive burden on clinicians, particularly with non-
compliant subjects (e.g. diagnosing retinopathy or prematurity in neonates) as well improve
the safety of the imaging procedures with neonates. Additionally, to support our efforts in
validating a retinal injection robotic system, this device enables accurate estimations of

injected drugs for con rmation of appropriate application.

1.3.2 Micro-Motion Twisted Wire Actuators in a Parallel Planar Mechanism
Multiscale motion robots have been explored over the past couple of decades, particularly

with the integration of robotics into surgery and micro-manufacturing. Larger robotic ma-



nipulators have inherently large workspaces and are capable of generating high velocities of
heavy workpieces, car manufacturing for example require parts as large as several hundred
kilograms to be easily moved and reoriented. These large manipulators come with a nan-
cial and manipulation resolution cost due to their transmission ratios and sensor sensitivity.
For tasks requiring micrometer resolution like vitreoretinal surgery, large robot manipula-
tors are contraindicated, however, gross positioning of surgical tools is still required and it
is cumbersome to move large distances with a positional step on a micrometer scale. There
is therefore a need for robot manipulators with multi-scale motion capabilities to aid with
tool positioning during setup and ne motion resolutions during procedures.

Micromotion linear actuators that utilize traditionally geared transmissions with high
transmission ratios and high-precision mechanisms require expensive manufacturing tech-
niques to limit parasitic effects. For instance, backlash is a motion deadband that occurs in
linear actuators due to the spacing between the threads of a nut and screw or teeth between
meshing gears. With the best manufacturing practices to minimize backlash as well as the
added complexity of micron-scale motion resolution, cost is exponentially increased and
backlash will still need to be addressed. Backlash characteristic of bearings used in robot
joints can be minimized with angular contact bearings or elastically preloading the joints
with springs [33] but these solutions are either costly or add complexity to design.

Twisted Wire Actuators (TWAs) were introduced to robotics by Ekttal. [34] and
Shohanet al. [35] and offer similarly high transmission ratios to geared transmissions but
rely on the length decrease of a bundle of wires when axially twisted around themselves.
The wire bundle can be comprised of any type of wire from simple shing lines to multi-
stranded wire ropes. Compared to traditionally geared transmissions, the TWA's cost-for-
motion capability is essentially free which is a main motivating factor for this research. In
Chapter 4 present design considerations for a parallel manipulator capable of multi scale
manipulation (MSM) that uses traditional lead-screw type actuators for macro motion and

TWAs for micro motion. We explore the workspace capabilities while considering TWA



characteristics as design constraints as well as motion sensitivity. We present a strategy for
modeling variable wire parameters to modify the model presented in the literature and a

redundancy resolution strategy for seamless macro-micro motion transitions.

1.3.3 A cooperative OCT-guided robotic assistant (CORA) for retinal injection

The vast majority of work to develop collaborative robotics in the literature explores coop-
erative control with virtual xtures, but there is a lack of works that utilize intraoperative
sensory information to inform variable virtual xtures or variable admittance control laws.
Our work explores the use of B-Mode OCT imagery to establish safe zones and adjust
admittance control parameters for safe drug injections in ophthalmic surgery.

Chapter 2 discusses the challenges of retinal microsurgery in detail but brie y, retinal
microsurgery requirements exceed the sensory and physiological motor control limits of
most surgeons. Past works have focused on sensory modalities for perception augmentation
[36], telemanipulation assistance for microsurgery [3, 37, 38], and collaborative (hand-
over-hand) robots for micro-surgery [21, 39]. A common thread among these works is the
reliance on an intra-ocular pathway and the limited use of intraoperative sensory data to
change the assistive behavior of the robot.

Relative to past works in robot-assisted surgery, this proposed research breaks new
ground in two areas: 1) an exploration of a new approach to subretinal drug delivery cir-
cumventing intraocular pathways by using an external pathway and, 2) an exploration of
the effect of variable assistive control behaviors informed by closed-loop feedback from B-
mode OCT. There are currently no works on robot-assisted drug delivery using the external
approach shown in Figure 5.1. The work presented in Chapter 5 details our rst effort
at exploring this approach along with an illustrative exploration of the effect of variable

cooperative control behaviors for improving user performance.



CHAPTER 2

Retinal Micro Surgery and OCT-Guided Robotics for Ophthalmic Surgery

When considering vitreoretinal surgery, surgeons are presented with challenges in terms of
precision, perception and manipulation dexterity. A typical setup during these procedures
involves multi-port access into the vitreous cavity with thin tools (e.g. picks, graspers, light
source). Visualization of the retina through a surgical microscope is achieved through the
pupil with adding a focusing lens on or above the cornea. Surgeons have to stabilize the
eye while operating one to two instruments within the vitreoretinal space. Surgical tools
generally lack distal dexterity owing to their small size (generally less than 900 microns
in diameter) and they have to be maneuvered under de cient perception conditions. For
example, the visualization of the anatomy is limited through a dilated iris, especially if
dilation is poor and the patient suffers from cataracts or cloudy cornea. Tool shadows are
hard to perceive due to complex lighting conditions with chandelier illumination or a small
moving endo illuminator light held in the surgeon's second hand and further complicating
the issue are semi-transparent retinal tissues.

The dif culty in measuring tool-tip interaction forces is another complicating factor in
retinal surgery. The tactile response of retinal tissue is limited and may be less than what is
possibly perceptible to the surgeons [40]. Tactile acuity is also convoluted by the friction
force between surgical tools and their respective trocars [41]. This suggests the tool-retinal
interaction forces may not be felt by the surgeons and forces that exceed limits leading
to irreparable damage may occur unknowingly [42, 43]. Therefore, surgeons are heavily
dependent on direct visualization and visual cues, e.g. tool shadows which do not present
with substantial contrast, for targeting or registering tissue contact. The challenges of tool
manipulation and perception motivate our work presented here. What follows is a detailed

discussion of the parallel developments of OCT and surgical robotics and their intersection



in prior works, as reviewed in [44], to inspire the work presented in this dissertation.

2.1 Needs and Challenges in Ophthalmic Surgery

One of the predominant challenges of retinal surgery is the perception barriers owing to op-
erating through a microscope. Typically, humans rely on tactile responses when performing
surgical tasks for con rmation of tissue contact or successful completion of maneuvers (e.g.
peeling). Due to the fragility of retinal tissue and tool-trocar interaction forces, surgeons
are reliant on visual cues to guide tool manipulation [43]. However, intraocular visualiza-
tion via a surgical microscope has limits in useful depth perception and the visible eld of
view is restricted by the dilated iris. In addition to manipulating instruments inside the eye,
surgeons may also tilt the eye under the microscope. In some cases, the target anatomy
is dif cult to visualize using white-light imaging. For example, epiretinal membranes are
mostly transparent which standard light microscopes are incapable of visualizing without
the addition of a steroid suspension or indocyanine green (ICG) to stain the membranes.
Surgeons may also use endoscopes for auxiliary peripheral visualization offering minimally
improved imagery with limited resolutions compared to current microscopes. To address
the challenge of depth perception, previous investigations have augmented instruments with
OCT probes. For example, Baliclat al. [45] used an A-scan OCT probe to maintain the
distance of a robotic-controlled tool tip from retinal anatomy. &ual. [17, 46] used for-

ceps integrated with a B-mode OCT probe for depth perception feedback. éh auf17]

it was shown that OCT feedback improved depth perception and success of approaching a
surface and peeling a surface membrane.

In addition to perception challenges, there are challenges due to rigid instrumentation
offering limited maneuverability. Vitreoretinal surgical tools are generally slender instru-
ments with rigid shafts. These instruments are constrained to the traditional four degrees-
of-freedom motions available to minimally invasive instruments (tilt in two directions and

rotation about and translation along the longitudinal axis of the tool). As a result, the tool-
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tip dexterity of these instruments is quite limited. One can reach a particular site but with
limited control of tool-tip orientation. Surgeons have to carry out surgical maneuvers of
lifting membranes with picks and graspers despite their limited distal tip dexterity and con-
tend with the need for bi-manual manipulation in order to stabilize the eye while operating
tools inside it. lkutaet al. [47] proposed the use of manual active bending forceps, but
the current clinical repertoire of surgical forceps still remains predominantly without ac-
tive distal bending. The four scenarios of ocular and intra-ocular manipulation have been
considered [1] with an emphasis on quantifying the possible bene ts of instrumentation
with intraocular dexterity. It was shown that adding a single degree of freedom of bending
sideways can increase orientational dexterity, compared to rigid instruments, by 31.6% and
57.7% for translational and rotational manipulation respectively. Several tools and robotic
instruments have been considered to overcome the problem of intraocular dexterity. In
Simaaret al. [48] the concept of intraocular dexterity tools using continuum bending can-
nulas was introduced and later implemented by &eil. [3, 49] and Yuet al. [50]. Heet

al. [51] introduced a prototype of a 0.9 mm handheld continuum robot offering intraocular
dexterity that was later integrated with a robotic platform by Sengj. [52].

Beyond visual and tactile perception de ciencies when operating in the vitreoretinal
space, there is the added complication associated with physiological tremor. Reviere et
al. [53] showed that ophthalmic surgeons on average were able to maintain tool tip posi-
tion within a 200mm window with an average tremor magnitude of @ while trying
to hold a tool steady and between 5341nmm when actuating a micro-surgical grasper.

In another example, Singh and Riviere [54] tracked tool motion during membrane peeling
and reported the rms amplitude of tremor an®8 for a single-subject study. Considering
ERM peeling, the surgeon must grasp onto a tissue with an average thickne s3]

and carefully peel it from the retina without applying too much tension to cause subretinal
hemorrhage. Consequently, physiological tremor poses the two-fold challenge of target-

ing and maintaining appropriate forces during membrane peeling and other vitreoretinal
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procedures.

Similarly for subretinal injection tasks, delivering drugs to the space just beyond the
retinal pigment epithelium (RPE) for treating macular degeneration requires driving a nee-
dle through retinal tissues and stopping just beyond one layer while avoiding puncturing
subsequent layers. Considering that some retinal tissues have thicknesses on the same
order of magnitude as physiological tremor [56] and a surgeon's dif culty perceiving reti-
nal interaction forces, subretinal injections are only manually possible with cross-sectional
imaging (e.g. B-mode OCT) and among a highly select group of surgeons.

Despite the apparent complications inherent in vitreoretinal surgery associated with
perception barriers, the parasitic effects of physiological tremor, and the limitations on
motion resolution, there is a potentially growing need for vitreoretinal procedures with
an aging world population. Progression of macular degeneration, for example, may be
inhibited or halted with the use of injectable gene therapies, Voretigene Neparvovec for
instance. With robotic systems, high precision manipulation from high transmission ratio
actuators and motion scaling from control tactics can enable these types of procedures and
lower barriers to access to a larger population.

Utilizing control schemes with appropriately sensitive sensors and lters can attenuate
the effects of physiological tremor on tool motion. Sensory information can also be lever-
aged in robot motion control to intelligently limit undesirable interaction with tissues to
minimize the potential for damage, such as over-puncturing tissue during an injection. The
work presented in this dissertation is aimed at further improving techniques to address the
challenges associated with tactile and visual perception and motion resolution in vitreoreti-
nal procedures.

There are two main control modalities with robotics: 1) Telemanipulation and 2) Co-
operative Control. In telemanipulation, initially explored by Chadeal. [57], Wei et al.

[3], Yu et al. [50], and Meeninlet al. [58], there is a leader-follower control architecture in

which the user's inputs for robot control are fed through a console (i.elediten which
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is physically detached from the robot (i.e. tfdlower). The necessity for control input
interpretation gives rise to the possibility of using high-level controllers and/or planners to
include assistive behaviors to the user such as tremor lItration, motion scaling, providing
attractive path following control laws, and enforcing safety zones (e.g. virtual xtures [59].

Additionally, there is the subcategory of telemanipulation that utilizes extraocular mag-
netic elds to facilitate intraocular robot manipulation. Kummedral. [60] demonstrated
intraocular micro-capsule robots and Charreyetral. [61, 62] demonstrated steerable
magnetic-tipped catheters for drug injection delivery and retinal vein cannulation. Gener-
ally, telemanipulation offers bene ts to retinal surgery in the form of improved tool control
and tremor reduction as well as physically distancing the user from the robot which lib-
erates the user's postural requirements, a safety feature for surgeons in cases that can last
several hours.

In cooperative control, tool manipulation is shared between a user and a robot (hand-
on-hand control) capable of interpreting the user's force and torque cues as commands for
robot end effector speed [6]. The cooperative nature of this control architecture allows for
the same assistive features that are available with telemanipulation but does not require a
separate control platform and therefore reduces costs and absorbs less volume in a surgical
suite.

The shared nature of tool manipulation in cooperative control captures the natural mo-
tion of the user for the robot to follow, ideally yielding a human-robot interaction that elim-
inates the perception of a controlling medium between the user and the tool. With robot
control that permits customary tool manipulation, users aren't required to re-train and es-
tablish new techniques; surgeons can maintain their pre-established routines. As shown in
Fig. 2.1 there is limited space available for additional equipment in a typical vitreoretinal
surgery setup. In this dissertation, we present a cooperatively controlled robotic system for
vitreoretinal procedures to minimize space occupation and disruption to traditional surgi-

cal ow. This work focuses on cooperatively controlled robotic systems to provide tool
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motion control beyond physiological capabilities in addition to providing a platform for

augmenting situational awareness from in-situ sensory information.

Figure 2.1: A typical setup during vitreoretinal surgery showing the personnel and equip-
ment around the patient's head and the typical setup for intraocular access through three
sclerotomies [1] (©2008 IEEE).

The aforementioned challenges of tremor, limited visual and tactile perception, and
tool-tip dexterity can be alleviated in several ways. For example, active tools can limit
the effects of physiological tremor to increase surgical precision by ltering sensor input
that produces tremorless actuator control. Visual perception can be augmented using OCT
to obtain cross-sectional imaging of tissue yielding a richer set of information on target
anatomy. Using sensors that can detect forces imperceptible to humans augments a sur-
geon's effective tactile perception. For higher dexterity, continuum segment tools offer
higher ranges of motion with manipulation directly by a surgeon or attached to robotic
systems for greater levels of manipulability and accuracy. We discuss, in the following,
some of the tools that have been developed to address the three main areas outlined above
limiting vitreoretinal surgery and discuss prospective areas of development to address these

constraints.

2.2 Methods to Improve Visualization - Optical Coherence Tomography (OCT)
OCT is a standard diagnostic and surgical planning ophthalmic tool that can develop cross
sectional images of tissue using light re ectance. Dayatmal. used a handheld device

during planned surgical procedure interruptions [63]. Bireteal. rst used a microscope-
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mounted unit following surgical manipulations [64]. The Duke, [65—74], Cleveland Clin-
ic/Case Western Reserve [72, 75-83], Vanderbilt [84] and international groups [64, 85—-88]
developed improvements for the external microscope-mounted iOCT system with commer-
cial FDA-approved systems available for the OR [89].

Non-OCT surgical intraocular endoscopes are FDA-approved, [90-96] but there is not
yet an approved facile ophthalmic OCT probe to enable peripheral retina visualization as
well as bypass corneal and lenticular opacities that may hinder direct central visualization
[97]. Iftimia et al. [98] developed an A-scan 250 um OCT probe for one-dimensional
measurement of tissue. Balic&t al. [45] reported an intraocular common path A-scan
OCT probe. A 20-gauge co-planar probe was developed which successfully guided the
depth of mid-infrared laser incisions of retina [99]. The OCT-imaging component alone
was housed within a 25-gauge tube which was readily amenable to imaging through the
more recent 23-gauge and 25-gauge trocars preferred for contemporary retinal surgeries
[100]. Addition of a needle [101] or forceps [17] increased the size only to 23-gauge. This
OCT probe has been added to robotic platforms described in the following section.

Rayet al. presented a custom mount that attached the Bioptigen handheld probe to an
ophthalmic surgical microscope [102]. OCT images from 24 patients undergoing macular
hole or epiretinal membrane surgery were analyzed with subsequent quantitative measure-
ment of geometry and retinal thickness providing insight into the anatomical changes in
the retina resulting from macular surgery and verifying surgery completion. The feasibility
and safety of microscope-mounted OCT in prospectively and retrospectively enrolled eyes
during several ophthalmic surgeries was reported, and it enhanced surgeon understanding
of the underlying anatomy in more than 40% of the cases during lamellar keratoplasty and
retinal membrane peeling [103-105].

Microscope-integrated systems have been developed which combine the OCT and sur-
gical microscope optical paths to enable imaging simultaneously with surgical maneuvers

[66, 67, 77, 78, 106, 107]. The Duke MIOCT research prototype [66] was clinically eval-
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uated in a study involving 8 patients undergoing surgery for MH, ERM peeling, and vit-
reomacular traction [68]. The results con rmed the ability to observe surgically-induced
changes in retinal contour and MH con guration. The ability to acquire OCT images simul-
taneously through the microscope overcame a major limitation of a separate external large
imaging probe by eliminating the need for frequent pauses during surgery. Commercial
systems are now available with the rst being the Zeiss RESCAN 700. Increases in imag-
ing speed combined with improved computation using graphics processing units (GPUSs)
have enabled real-time 3D [108], and 4D [109, 110] intraoperative OCT. This provides
improved feedback on instrument position. Real-time adjustments of the OCT focus to
maintain parfocality with the surgical microscope at different axial positions and zoom lev-
els is possible [77]. Improved visualization includes heads-up display (HUD) technology
that adds OCT visualization into the microscope ocular view [81] to project OCT cross-
sections [78] onto the surgical eld. Carrasco-Zevallisal. demonstrated volumetric
four-dimensional (4D) OCT data for real-time surgical feedback [109, 111]. Others are ex-
amining displaying images on virtual reality (VR) platforms and gradually, OCT has been

added to several robotic systems as reported in the following section.

2.3 Robotic Systems for Vitreoretinal Procedures

Prior literary works have explored addressing the host of complications undermining retinal
surgery with several types of robotic systems offering a multitude of surgical advantages.
We categorize these robotic systems into four categories distinguished by the human-robot
interaction interface: 1) Hand-held, 2) Telemanipulated, 3) Hand-on-Hand, and 4) Magnet-

ically Controlled systems.

2.3.1 Hand-held Systems for Vitreoretinal Procedures
Prior works in the literature have explored handheld robotics to overcome physiological
tremors during retinal procedures. The aim of handheld robotics is to offer robotic sur-

gical augmentation in a similar form factor to traditional surgical tools. The intention is
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to minimize the cognitive burden on the surgeon when switching to using the robotic tool
from traditional manual tools. A hand-held miniature robotic platform was used for tremor
cancellation of tracked instruments with examples including Rivétie.'s Micron [112],
Songet al's SMART Optical Coherence Tomography based device [113], and Céeon
al!'s OCT-guided depth-locking handheld micro-injector [114].

Handheld robotic surgical tools have been explored to address the challenges of physi-
ologic tremor and force perception with minimal disruption to the surgical work ow. One
example of a handheld robotic surgical device is Micron [2, 112]. Micron is a vitreoreti-
nal surgical tool designed to sense a surgeon's tremor and distinguish those movements
from intentional motion. It leverages the effects of constructive and destructive interaction
of wave signals to lter the user's tremor from the tooltip. The device senses the user's
movements and identi es tremor as any input signal within the 8-12 Hz frequency band
as determined in [53]. To stabilize the surgical tool, piezoelectric actuators direct the Mi-
cron's tooltip in a direction opposite and equal in magnitude to the tremor. Betké{2]

Fig. 2.2 (i) improved on the target acquisition of Micron by adding image guidance. Two
cameras were attached directly to a surgical microscope as a stereo pair for registering the
tool tip's location and to measure the tool's lateral displacement relative to target vessels.
The displacement data is used as an additional feedback signal in combination with the
user's movements to achieve 63% success in experimental vessel cannulation as shown in
Fig. 2.2 (ii).

Force sensing was introduced by Gonenal. [115] using Fiber Bragg Grating (FBG)
strain sensors to enable force-sensing at the tool tip following the design from lordachita
et al's [116] vitreoretinal tool with a 0.25 mN resolution (5.6x10Ib). The sensors are
located at the tool's tip to isolate retinal forces from the sclerotomy interaction forces in-
hibiting the user from imposing damaging forces on the retina. émad [117] optimized
the Micron's design to allow 6 degrees of freedom with a 4mm diameter hemispherical

workspace by using a parallel actuator architecture offering more robust tremor control.
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Yang et al. [118] used the 6-DOF Micron to demonstrate the advantage of using tremor
stabilization in acquiring clear B-mode and C-mode OCT image acquisition and presented
a precursor of a clinical tool capable of tremor Itration paired with the visual feedback

capabilities of OCT.

Figure 2.2: (i) An active surgical tool, Micron, that senses a user's tremor during manual
microsurgeries and cancels the effects of tremor on tool tip trajectory using piezoelectric
actuators for procedures such as retinal vein cannulation. (ii) The improvement of tool tip
trajectory during manual manipulation with the inclusion of visual feedback to Micron [2]
(©2010 IEEE).

The Integrated Robotic Intraocular SnakelBtS, developed by Heet al. [51], is a
robotic surgical tool prototype offering surgeons intraocular dexterity that is meant to be
a handheld device or a mountable attachment to a robotic platform. IRIS was designed
to match the sizing of 20-gauge ophthalmic surgical tools with a 0.9 mm outer diameter.
The continuum segment of the IRIS is 10 mm long and has two rotational DOF's each
with 45 of bending. The linear actuators of the IRIS exhibited large backlash and low

actuation resolution which limited the realizable precision of the nal design.

2.3.2 Telemanipulation Robotic Systems for Vitreoretinal Procedures

Wei, et al. [1, 3] presented a multi-platform robotic system in Fig. 2.3 that can manipulate
the eyeball and offer intraocular dexterity via a bending continuum robot capable of deploy-
ing micro-stents or grippers. The system allows for a software-controlled remote center of

motion (RCM). The robotic arms of this system have been demonstrated in [49] to enable
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deployment of micro-stents in chorioallantoic chick membranes and were integrated with

OCT for control feedback in [46], Fig. 2.4.

Figure 2.3: A two arm parallel robot used for vitreoretinal operations that allow eye ma-
neuvering and intraocular dexterity [3](©2007 IEEE).

In [17] Yu et al. developed surgical forceps shown in Fig. 2.5 integrated with a B-mode
forward-imaging OCT probe enabling real-time intraocular imaging to improve accuracy
for membrane peeling procedures. The forceps were made with a 25-gauge stainless steel
(SS) tube within a 23-gauge SS tube. The outer tube slides along the 25-gauge tube forcing
the opening and closing of the forceps. The group showed that integration of the custom
OCT forceps with the robot manipulator improved accuracy and reduced the number of
attempts needed to accomplish a membrane peeling procedure. Their results also empha-
sized the importance of proximity of the OCT image monitor to the surgeon to minimize
head and eye movements of the user.

Nasseret al. developed a 6 degree of freedom (DOF) miniature robot [5], Fig.2.6. This
robot creates linear and rotational motion using two parallel prismatic joints. There are two
advantages of such a parallel mechanism. First the overall stiffness is greater than what
would be possible with serially linked actuators. The second advantage is the increased
degrees of freedom enabled with two separate actuators. This 6-DOF robot creates a highly

dextrous system eliminating a surgeon's tremor input and minimizing the effect of user
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Figure 2.4: A 9 degree of freedom robot with parallel actuation platform carrying a stenting
robot capable of maneuvering with precision better thamb[4].

Figure 2.5: OCT-forceps with OCT ber embedded in the 25-gauge stainless steel tube
(SST). External actuation causes the 23-gauge SST to slide axially on the 25-gauge SST
causing opening-closing of the forceps [4].
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fatigue, however, challenges associated with intraocular maneuverability are not addressed.

Figure 2.6: A hybrid parallel-serial surgical robot capable of micro-scale motion using
piezo actuators. [5] (©2013 IEEE)

The Preceyes Surgical Robotic System was developed for micro intraocular procedures
like retinal vein cannulation and internal limiting membrane peeling. The Preceyes system
has a motion controller that the surgeon uses to command surgical tool tip position. The
surgical tool is attached to a parallelogram manipulator that enables operation around a
RCM. By setting a virtual point, at the sclerotomy, around which a tool will rotate provides
advantages for the user. First, minimized interaction forces between the surgical tool and
sclerotomy mitigate any scleral trauma and second, the orientation of the orbit remains
unaffected which maintains line of site to the surgeon. The group has also integrated the
system with external OCT imaging to establish tool-tip boundaries aiding the user in tool
manipulation and preventing inadvertent retinal contact or puncture. [119]

Gijbels et al. [120] developed a telemanipulated robotic system to aid in retinal vein
cannulation and epiretinal membrane peeling and achieved sucdassfidhuman retinal

vein cannulation [23]. By enabling axial translation as in Gijlelgl. [120], the size of

21



tooling around the eye was minimized and the robot workspace for maneuvering around
the microscope viewing cone was maximized. Wilsbal. [121] also developed a unique
telemanipulated Intraocular robotic interventional surgical system (IRISS) with two ma-
nipulators that mount and travel on semi-circular tracks. The tracks can be independently
positioned with two separate actuators to allow six degrees of freedom of surgical tool ma-
nipulation. Each tool is kinematically constrained to a xed RCM de ned by the device
geometry. The IRISS was tested on cadaver porcine eyes to demonstrate retinal vein can-
nulation and for cataract extraction. The group also tested the feasibility of using OCT for
calibrating the RCM point and concluded that RCM alignment using visible red dot lasers
may introduce deviations too large for full autonomy.

Del Giudiceet al. [122, 123] developed Continuum Robots for Multi-Scale Motion
(CREM) demonstrating a novel concept for teleoperated robot actuation for surgeries re-
quiring micro-scale motion like micro-vascular reconstruction and image-based (OCT) di-
agnosis. The CREM robot is capable of maneuvering tools within both macro and micro-
workspaces with a positional resolution ofrin. It was shown that 3D OCT images may
be obtained by using the robot's micro-motion capability while carrying a B-mode OCT
probe, which was an adaptation from Shegral. [124]. In addition to validating 3D OCT
on a cadaveric porcine retina, closed-loop control and OCT-guided visual servoing at the
micro-motion scale was also demonstrated for targeting a needle into a micro channel.
While this system was not miniaturized to operate within the eye, the same design con-
cept may be used for high-precision and low-cost robotic devices for manipulating needles

within the eye with OCT feedback.

2.3.3 Hand-on-Hand Robotic Systems for Vitreoretinal Procedures
By minimizing positioning error of a tool tip caused by human tremor, some active surgical
tools enable micro-surgeries that are impossible with traditional surgical tools. Maneu-

vering handheld robotic tools for micro-surgeries still requires a tremendous level of skill,
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however, as the level of tremor ltration is limited by the stroke magnitude of the device's
actuators. Like telemanipulated robots, hand-on-hand robots offer a greater advantage of
tremor Itration by leveraging the mechanical stiffness of robotic systems to drive surgical
tools in tandem with the surgeon.

Hand-on-hand robotic systems allow the surgeon to drive a tool mounted on a robotic
platform using force input commands. This approach has several advantages in terms of
reduced cost and ease of clinical deployment. In addition, the robot can be used for tremor
Itering, for position recall, and for reducing surgeon fatigue since the robot can hold the
tool at a xed position even if the surgeon lets go of it.

The Steady-Hand Robot [6] and Steady-Hand Robot 2 [21], shown in Fig. 2.7 were de-
veloped to augment a surgeon's capabilities with retinal and other microsurgeries in mind.
The Steady-Hand is a cooperative robotic system, where the surgeon and a robotic actua-
tor simultaneously control a surgical tool. The surgeon manipulates surgical tools in the
same fashion as traditional tools with the robot controller reading force signals from the
surgeon's hand movements to drive the robot. The robot is capable of producing smooth,
natural motion pro les that a surgeon would typically use during retinal procedures while
eliminating the extraneous tool movements that result from tremor.

The rstrealization of the Steady-Hand from Tayleftral. [6] improved success by 36%
of needle insertion to a hole 15Gn in diameter [125] when compared to manual needle
insertion. Balickiet al. [45] used a custom 25-gauge surgical pick with integrated OCT
for epiretinal membrane peeling. With the OCT surgical pick providing visual feedback,
the Steady-Hand was able to maintain a speci ed distance of the surgical tool tip from
retinal tissue to within 16m of a desired 156m. The OCT imaging enabled identifying
structures beyond surface layers as targets that can be used to guide tool puncturing tasks
while limiting puncture depths. Unesdt al. [21] evolved the Steady Hand by including
a force sensor attached to the surgical tool. The additional sensor provides applied tool

forces as feedback data to the robot controller to limit the maximum forces applied to
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intraocular tissue. The force feedback data aids in guiding surgeons to avoid unintended
destructive contact, and like the OCT feedback, is used to maintain tool positioning with
respect to intraocular anatomy. The combined inputs from the OCT imaging and force
sensor optimize tool trajectory, for instance, while maintaining tool angle during a peeling

motion that minimizes resistance to limit membrane tearing.

Figure 2.7: (i) An early iteration of a cooperative surgical robot, the Steady Hand Robot
with a robotic platform and surgical tool attached to a 6 degree of freedom force sensor for
robot control [6]. (ii) An iteration of the Steady Hand Robot, the Steady Hand Robot 2, or

Eye Robot 2 (ER2). Photos courtesy of Russel H. Taylor and lulian I. lordachita.

2.3.4 Magnetically Controlled Robot Systems

Finally, other approaches using magnetically controlled micro-robots have been explored
over the past decade. These systems utilize an extraocular magnetic eld to control robotic
micro-capsules within the eye for procedures like retinal vein cannulation and localized
drug delivery using drug-eluting micro-capsules. In Kumne¢ml. [60] a magnetic eld
system called the OctoMag in Fig. 2.8 guides a micro capsule robot in ve degrees of
freedom; three degrees of positional control and two orientational degrees. One of the ad-
vantages to magnetic systems is achieving high levels of intraocular dexterity and maneu-
verability without physical attachment to extraocular space [60]. Minimizing the attach-
ments to the intraocular space eliminates the eye manipulability constraints imposed by

pars plana sclerotomy surgical tools and maximizes the degrees of manipulation available
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for line of site of intraocular anatomy. These advantages however come at the expense of
very complex magnetic eld generators that encompass a large portion of the space around

the patient's head.

Figure 2.8: The extraocular magnetic eld generating system, OctoMag, capable of guiding
magnetic drug eluting micro-capsules and magnetic tip microcannula in ve degrees of
freedom; three degrees of positional control and two orientational degrees. Figure courtesy
of Bradley Nelson and MagnebotiX AG, Zurich, Switzerland. Photo courtesy of Bradley
Nelson and MagnebotiX AG, Zurich, Switzerland

Charreyronet al. [61, 62] used the OctoMag magnetic eld system to drive a magnetic
tip microcannula for delivery of gene therapy injections to subretinal tissue. The group de-
veloped semi-autonomous control that automatically aligns the tool magnetic eld to keep
the tool tip perpendicular to the retinal surface at a target site identi ed by the surgeon.
The user, while following tool manipulation through the microscope, determines when the
tool tip is optimally placed for injection. Magnetic microcannulas maintain the advan-
tages of intraocular dexterity that characterize micro-capsule robots by relying solely on
the magnetic eld for actuation. These magnetic manipulators also offer a potential safety
advantage over traditional rigid surgical tools because of their limited rigidity and limita-

tions of achievable forces. The group explored the feasibility of autonomous control and
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also explored OCT imaging for improved tool tip tracking. Their system exhibits 11 de-
grees of angular error of the magnetic eld in a worst-case scenario which translates to 4.2
mm of displacement of a 21 mm long cannula. For full autonomous control to be clinically

realizable, precision of magnetic eld alignment will be necessary.

2.4 Discussion

Vitreoretinal surgical techniques and available procedures are in a transitional state due to
the contributions of advanced visualization techniques and the development of robotic sur-
gical devices. The future of vitreoretinal surgery has a possible realization of autonomy
for an array of procedures available today, but more importantly, enabling procedures that
are not currently available due to human physiological limitations. For instance, gene ther-
apy injections require the utmost precision for target acquisition. Magnetic eld generators
guide magnetic drug-eluting micro-robots enabling intraocular drug injections. Magnetic
intraocular robots eliminate the pars plana sclerotomy manipulation constraints but require
a large volume of the workspace surrounding the patient's head. An alternative approach
for targeting is OCT imaging which delivers high-de nition images necessary for precise
intraocular targeting. When OCT imaging is paired with robotic platforms as a feedback
modality, the combined system can drive tools to speci c retinal locations with improved
accuracy and reduced dependence upon human physiological limits.

Some of the robotic systems mentioned are already in a developmental stage where
autonomy is possible. The steady hand robot, for instance, demonstrated autonomous ma-
nipulation of a needle inserted into a 15@50mm hole improving the success of insertion
by an average of 31.8% compared to handheld insertions. With added OCT imaging, per-
forming vitreoretinal tasks expands further to assist in the manipulation of semitransparent
membranes and target subsurface tissue. Depending solely on OCT visual feedback, the
robot controller can bypass the force input from a user to drive surgical tools to locations

identi ed by OCT. By utilizing distance measurement capabilities of OCT or force guid-
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ance with FBG-integrated tooltips, the likelihood of tissue damaging contact is reduced.

With a system like CREM, tasks requiring ultra-precision and autonomous intervention
are possible with the miniaturization of the technology. Utilizing equilibrium modulation as
an actuation technique enables robotics in surgery to carry out micro-scale tasks with much
ner positional adjustments than other robots. Further, enabling these micromanipulation
tasks does not sacri ce the capabilities in the macro workspace enabling a greater number
of surgical tasks.

Although surgical robots have shown their capabilities in advancing vitreoretinal surgery
they are not without limitations. Developing robotic tools that do not introduce disruptions
to surgical norms requires hardware capable of high sampling frequencies to reduce sensor-
actuation lag time to a level imperceptible to the user. Pairing robotic systems with visual
feedback, OCT for instance, is computationally costly making real-time integration dif -
cult. Surgical robotic systems, independent of their control modality rely on calibration,
the accuracy of which can degrade with unexpected head and eye movements during a pro-
cedure. This body of works aim to Il the gaps in retinal surgery using a collaborative
hand-on-hand robotic system with B-Mode OCT used for variable admittance control and
updated virtual xtures in real-time. Our proposed work also aims to introduce a paradigm
shift in therapeutic drug delivery by exploring an extraocular pathway to the subretinal

space.
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CHAPTER 3

Accurate OCT Volumes with Remote Center of Motion Device

Chapter 5 of this dissertation explores a novel external approach to subretinal drug de-
livery with a collaborative OCT-guided robotic system. To validate the injection location
and volume, we use OCT to generate C-Mode (three-dimensional) images of experimental
injections from which we can estimate volume. C-Mode images are generated by mosaic-
ing evenly spaced B-Mode images, and therefore, altering the spacing between subsequent
B-Mode images introduces distortions in the nal image. These distortions deteriorate vol-
umetric estimation accuracy and the magnitude of physiological tremor is large enough to
signi cantly offsetimage spacing. To obtain C-Mode images of the retina, a user must hold
an OCT probe in a xed position and orientation for prolonged periods of time potentially
capturing signi cant tremor. Further, manually targeting a particular region on the retina
with an appropriate probe orientation requires awkward arm and hand positioning which
may introduce larger and more frequent tremor to the captured image.

To capture accurate volume estimates for our study we designed and fabricated a me-
chanical linkage with a remote center of motion (RCM) to carry a retinal OCT probe and
completely of oad the burden of supporting and positioning the probe from the user dur-
ing imaging. We show in Section 3.2 through experimental evaluation that by eliminating
tremor artifacts from captured images, estimation errors and image distortions are pro-
foundly improved. Shown in Section 3.1 the device consists of ve degrees of ne motion
control enabling precise positional and orientational adjustment of the probe with two of
those degrees obeying an RCM constraint.

Exploring an OCT-guided robotic external approach to subretinal drug delivery is mo-
tivated by the growth of the world's aging population and the proportional increase in the

prevalence of macular degeneration in addition to the consequential mounting pressure on
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the continued research of injectable therapies. As research in this eld expands, the need
builds for cost-effective tools that are accurate in the validation of injection techniques. The

ve DoF device presented in this dissertation aims to address this growing need. However,

this device has potentially larger implications beyond research, particularly in the context

of clinical deployments for diagnostic imaging of neonates.

Handheld OCT (HH-OCT) is gaining attention for bedside diagnostics of ophthalmic
diseases associated with preterm birth [126—128]. Imaging is done by stabilizing the OCT
probe over a baby's eye by wresting the palm of the hand (that is grasping the probe) on
the baby's forehead as shown in Figure 3.1. The effects of physiological tremor still plague
image quality in this scenario but there is the added effect of the baby's motion. Con-
founding the image quality problem is the grasping point on the probe with this technique.
The center of gravity (c.g.) of the probe lies above the grasping point, making orienta-
tional stability dif cult as the force of gravity has a strong effect on the probe's orientation.
Obtaining clear images is a cumbersome task with challenges presented by physiological
tremor, patient motion, and probe ergonomics.

Obtaining clear imagery via HH-OCT at the bedside is not only challenged by probe
or subject motion but also by the dif culties associated with image beam targeting. While
simultaneously keeping the probe and a baby's head still, careful orientation and position
adjustments of the probe are dif cult. OCT resolution, as a function of light wavelength,
typically resides around 1@m [129], and with a 14 mm eld of view, only micro-motions
of the probe are appropriate for targeting. Patient safety is also challenged during HH-OCT
procedures as the patient may unexpectedly move or the user can momentarily lose grip of
the imaging probe. If the user loses control of the probe it may fall directly on the patient's
face.

Considering the challenges presented by spurious motion captured in an image and
careful probe manipulation while simultaneously bracing, the task of HH-OCT is cogni-

tively onerous and presents a potentially dangerous scenario to an infant. The RCM device
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presented in this dissertation aims to address these challenges in acquiring clear OCT im-
agery for neonatal diagnostics that is not cost-prohibitive and does not use any mechanism

that reduces safety of the imaging procedure.

Figure 3.1: This gure depicts an example of an HH-OCT technique to obtain OCT im-
agery of a supine patient where the imager holds the baby's head with one hand and the
OCT probe with the other hand in a suboptimal location for ne image plane control [7]

3.1 Mechanical Design

In this section we present the mechanical design of a passive mechanical linkage comprised
of an RCM device that is formally a Watt type | six-bar linkage [130] enabirigh ori-
entation control of the OCT probe as shown in Fig. 3.2. Use of this RCM mechanism was
initially made for minimally invasive surgery [131] and adapted for robot-assisted retinal
surgery [132, 133]. The RCM device is actuated by a Velmex A2509 linear slide with a
1mm pitch lead screw. Figure 3.2 demonstrates the RCM's range of motion de ned by

the motion constraints of the linear slide. The device is shown in its retracted con gura-

1Reprinted from Clinics in Perinatology, Volume 40 Issue 2, Ramiro S Maldonado and Cynthia A Toth,
"Optical coherence tomography in retinopathy of prematurity: looking beyond the vessels," Pages 271-296,
Copyright 2013, with permission from Elsevier
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tion in Fig. 3.2 (a) and in thealf extended con guration in Fig. 3.2 (b). Fig. 3.2 (a) also
highlights the lever controlling the linear slide's rapid and ne advancement capabilities
for gross probe orientation control, and ne micro-angular control when near a targeting

region.

Figure 3.2: CAD model demonstrating tpéch degree of freedom of the RCM device in

its a) retracted and b) half extended con gurations, respectively. The device is comprised of
an® RCM component which is categorized as a Watt type | six-bar linkage that is actuated
by a@ Velmex A2509 linear slide witt® rapid advance lock shown in tk rapid advance

con guration and3y ne motion con guration.

The rapid advance acts by disengaging the nut on the linear carriage from the lead
screw leaving the carriage to move freely. Shown in Fig. 3.3 is a torsional spring that acts
on the primary base joint of the RCM device accounting for a percentage of the torque
applied by the probe's mass. Without this spring the RCM device is incapable of holding
its orientation due to the mass of the OCT probe. Therefore, girmépingwhen in the
rapid advance mode is prevented by the torsional spring. The stiffness of the spring was
estimated using virtual work simulated in CAD with the Creo Parametric 4.0 mechanism
environment.

Displayed in Fig. 3.3 is the remote center of motion point, the virtual point in space
around which the OCT image plane rotates and is determined based on the geometric di-
mensions of the six-bar linkage. The point is chosen, in this case, to be roughly aligned

with the centroid of an eyeball when the OCT image's focal point is the retina. With the
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RCM point at the centroid of the eye, the scan point can be carefully swept on the retina to

locate anatomy more easily.

Figure 3.3: RCM device witkp the virtual remote center of motion point, de ned by the
RCM geometry, is also coincident with the rotary stage's rotational axis. The magni ed
detail depicts the static balancing spring that compensates for a portion of the OCT probe's
mass to reduce the force on the linear slide nut and prevent complete extension due to the
force of gravity acting on the probe.

In addition to the pitch angle control of the OCT probe discussed above, there is a ro-
tational platform that enables control of the prolel angle. The axis around which the
platform rotates, its central axis, is coincident with the remote center of motion point encir-
cled in Fig. 3.3. The coincidence of the RCM point and the roll axis allows simultaneous
pitch angle andoll angle adjustment of the probe without disrupting the position of the
RCM point in space. This allows for simultaneous multi-axis micro-angular orientational
control of the OCT image plane, demonstrated in the Im strip in Fig 3.4, enabling precise
targeting of retinal tissue and maintaining probe position and orientation without continued
user input.

Attached to the distal end of the RCM linkage are three mutually orthogonal linear
stages enabling three additional degrees of freedom of the OCT probe: Cartesian position

in the x-axis ( 16mm), y-axis ( 25mm), and z-axis (20mm) of the OCT probe frame
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Figure 3.4: A demonstration of the degrees of freedom of the device which obeys the RCM
constraint with RCM point identi ed as the black dot and image beam depicted as a red
cone. a) The reference, bomeposition of the device with the linear slide completely
retracted. b) The rotary stage with a negative rotation angle and, c) a positive rotation
angle, both with the linear slide retracted. d) An alternative reference position of the device
with the linear slide partially extended. e) The rotary stage with a negative rotation angle
and, d) a positive rotation angle with the extended linear slide.

and enables general compatibility with a wide range of OCT probes as well as lenses by
allowing adjustments to align visual axis and desired focal point with the RCM point. The
linear stage assembly is linked subsequently to the manually-actuated linear/angular stages
that enable pitch and roll angle control, therefore, when manipulating the probe's Cartesian
position, the alignment between the image plane and the RCM point degrades. Please
refer to the attached visualizations for additional demonstration of the device's motion
capabilities. This misalignment is not detrimental to the practical application of the device,
however, as a larger search area of retinal tissue is facilitated when manipulating the probe

with all the available degrees of freedom. We note the mechanism is easy to produce using
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3D printing technology should there be an incompatibility with other OCT devices.

3.2 Experimental Evaluation

The RCM device was evaluated using a Bioptigen 870nm SDOCT system with a Bioptigen
general retinal bore lens to image metal spheres adhered to the retina of a Bioniko OPHT-
FDS phantom eye (22mm equatorial diameter and 24mm anteroposterior diameter). C-
Mode OCT images were taken of two 1mm diameter hardened bearing-quality steel balls
xed within a phantom eye at Q 90, and 125 from the vertical meridian (de ned by a

line intersecting a point on the pupil and the retina) as shown in Fig. 3.5. These angles
were chosen to represent the macula, the equator of the eye, and the greatest angle that the
RCM device permitted for imaging. With our RCM device, it would be possible to image
select areas in the far periphery of the retina as discussed in [134].

The OCT handpiece is connected via a 1.3m exible beroptic cable to a wheeled cart
housing the SD-OCT system with a computer and viewing screen. The Bioptigen system
was placed in théree Runmode to locate the spheres with the handheld or the RCM-
mounted approach. Then a rectangular 10 x 10 mm volumetric scan (1000 B-scans/volume
of 1000 A-scans/ B-scan) was obtained when the examiner indicated locating the spheres.
Three users attempted imaging the spheres in each of the angular positions within the phan-
tom eye, and then the RCM device was used to image the spheres (operated by one expert
user). The users included one highly experienced handheld OCT user, one user with some
past experience with the handheld probe, and one who was inexperienced and received
training prior to the study. All had practice training runs before the experimental collec-
tion. We did not display the results of the 3D scans to the users and an independent analyst
was responsible for analyzing the 3D volumes without labeling the data and the conditions.
This provided blinding of the user and experimental conditions in the data analysis.

Figure 3.6 shows how the phantom eye was rigidly mounted to a surface at a height

for the users to comfortably hold the probe. All users attempted three trials for each of the
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angular positions of the metal spheres and restarted their targeting approach at the begin-
ning of each trial. A ClaroNAV MicronTracker Hx40 optical tracker (ClaroNav Toronto,
Ontario, Canada) tracked the position of the OCT probe via attached markers [Fig. 3.6 (b)]
throughout each trial. Once the metal spheres were located on OCT, a separate marker was

used to indicate in the optical tracker data when OCT-image acquisition began.

Figure 3.5: A phantom eye used for experimental validation of the RCM device to capture
C-Mode OCT images of two 1mm spheres xed to the phantom retina at three different
angles from the vertical meridian a),) 90, and c) 125. The phantom eye is equipped
with an iris through which imaging is performed that is assembled in d) once the spheres
have been placed masking the exact position of the spheres from the imager's naked eye.

Figure 3.6: Experimental setup for C-Mode OCT imaging of two 1mm sphere balls xed
within a phantom eye. a) Demonstration of the experimental setup for handheld imag-
ing and b) imaging using the RCM devic@ The computer monitor displaying the real-
time OCT image@ Bioptigen SDOCT probe3 phantom eye with metal spheres mounted
within, @ marker for ClaroNav MicronTracker Hx40 positional tracking aadsix-bar

Watt Type | RCM mechanism with attached OCT probe.

The image quality was compared between images from the traditional handheld and
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RCM device approaches by reconstructing the images and calculating volume and spheric-
ity using Imaris 9.9, Oxford Instruments. Our quantitative analysis is based on the half-
sphere images captured as OCT is only capable of capturing half of a sphere due to the
inability of the imaging beam to penetrate metallic surfaces. The diameter of a ball in pixel
numbers was measured from e faceview [135] of the OCT data. The known diameter

of the ball was used to calculate the size of one lateral pixel. In the A-scan direction, the
number of axial pixels in a cellophane tape layer was measuredmi3fick cellophane

tape was used to calibrate one pixel. Using the pixel dimensions measured above, the
boundary of a semicircle was manually traced in a B-scan image of the volume data. For
each OCT volume data, several boundary traces were made in B-scan slices. The surface
of a hemisphere was rendered in Imaris from the B-scan traces using the contour tracing
method. The pixel dimensions in Imaris were set to the pixel sizes calculated above and
the volume and sphericity of the hemisphere were measured using surface statistics.

In addition to quantifying image improvement by the reduced volumetric calculation
error and sphericity uniformity afforded by the RCM device, we tracked the motion of the
OCT probe during the imaging process using a ClaroNav MicronTracker Hx40 Optical
Tracker. It should be noted that the Hx40 speci cations state a 0.015 mm RMS jitter
of stationary targets; probe movements during image acquisition are small enough that
a stationary target assumption is reasonable. The probe's motion was then quanti ed by
maximum positional variance, i.e. the Cartesianal displacement that is greatest along one
of the probe's axes during the imaging process once the spheres were located on OCT.

To de ne positional variance, the probe’s positions during imaging are stored in a ma-
trix

X =[x;Yi; z] (3.1)

wherei =[1;2;3;:::;N] for N number of probe positions recorded. The centroids of the

probe positions are then calculated
x=[xy,7 (3.2)
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Equation 3.1 is subtracted from Eq. 3.2 in another matrix,

D=X X=[x xiy Vviz z] (3.3)

The singular values dD in Eq. 3.3 indicate the positional variance in each Cartesianal
direction, the largest being the maximum positional variance. We calculate the singular
values via singular value decompositia$iSV = svd D), whereU andV are the left and

right singular vectors, respectively. The maximum positional variance of the OCT probe is
given by the largest singular value, i®y,, = maxS), the averages of which are plotted in

Fig. 3.7 for all the users for each experimental condition.

Figure 3.7: The average maximum positional variance of OCT probe position for each
user and for the RCM, for each angle placement of metal spheres within a phantom eye
during an imaging procedure. Note the variance of the RCM @001 using a ClaroNav
Optical Tracker model Hx40 which reports a jitter of 0.015mm RMS of static targets. We
assume the motions of the probe during imaging are nearly static, as this is required for
clear images.

Finally, an example of a post-injection OCT image using the RCM device was per-
formed in vivo on a pig. The SD-OCT 870nm system used in this study, according to
the manufacturer, met the ANSI standards for ocular exposure to light @@0mwV of
continuous-wave power in the 800-900nm spectral region). This allows continuous expo-
sure for up to 8 hours [136—-139]. The animal was handled in accordance with all applicable
international, national, and institutional guidelines for the care and use of animals, includ-
ing the National Institutes of Health Guide for the Care and Use of Laboratory Animals and

the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. All pro-
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cedures were approved by the Vanderbilt University Medical Center Institutional Animal
Care and Use Committee (IACUC) # M1800009-01.

Anesthesia was induced with an injectable combination of Telazol (4.4mg/kg), Ke-
tamine (2.2 mg/kg), and Xylazine (2.2 mg/kg) given intramuscularly. Following the induc-
tion, the animal was placed on Iso urane inhalation anesthesia to establish a maintenance
plane of anesthesia with intubation and mechanical ventilation. After a subretinal injection
of 15m balanced salt solution was administered, the RCM-mounted OCT handpiece con-
nected via a 1.3-m exible beroptic cable to a wheeled cart housing the SD-OCT system
with computer and viewing screen was positioned over the eye. The Bioptigen system was
placed in the Free Run Mode to locate the bleb with the RCM-mounted approach. Then
a rectangular 10 x 10 mm volumetric scan was obtained. The time to place the RCM-
mounted probe over the eye, nd this bleb, and obtain the rectangular volumetric scan

image was two minutes.

3.3 Results
The sphere volumes were calculated from acquired C-Mode OCT images using the pre-
viously described methods with example renderings from each imaging scenario shown
in Figure 3.8. The results from images acquired using the handheld approach and RCM
device are summarized in Table 3.1 and Table 3.2, respectively. Although other groups
have shown smaller calculated volume error, our OCT system's resolution givasna 14
uncertainty which propagates in our volumetric calculation. However, from a comparative
standpoint, since the same probe is used in both the handheld and RCM approaches, it is
clear the effects of tremor during handheld imaging are virtually eliminated when using the
RCM device.

Tables 3.1 and 3.2 follow the error reporting and formatting in [140]. Volumetric error
is calculated using a ground truth established from diameter measurements of the spheres.

The calculated volume is the volume obtained from the procedure using Imaris presented
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as the mean standard deviation. The mean absolute error is the average of the absolute
value of the difference between the calculated and nominal volume. The mean absolute

percent error is the ratio of the mean absolute volume error and the nominal volume.

Table 3.1: Volumes captured using the handheld approach.

Sphere position in phantom 0 90 125
Calculated volume @746 0:0958mn?¥ 0:2930 0:1239mn?¥ 0:3573 0:1446mn¥
Mean absolute error (mean0:0870 0:0422mn¥ 0:1212 0:0403mn? 0:1309 0:1137mn¥
absolute percentage error) (33.2%) (46.3%) (50%)

Table 3.2: Volumes captured using the RCM device.

Sphere position in phantom 0 90 125
Calculated volume 3198 0:0035mn?¥ 0:3583 0:0507mn?¥ 0:3183 0:0967mn+t
Mean absolute error (mean0:0580 0:0035mn? 0:0965 0:0507mn? 0:0709 0:0868mn?
absolute percentage error) (22.2%) (36.9%) (27.1%)

Additionally, the handheld and RCM approaches had 29.6% and 5.6% overall failure
rates of sphere imaging, respectively, indicating an improved ability to acquire images
when using the RCM device. Of note, higher imaging failure rates were recorded as the
spheres approached the retinal periphery (i.e. larger angles from the vertical meridian).

The average maximum positional variance of the OCT probe across all imaging scenar-
ios for each user is plotted in Fig. 3.7. The largest positional variance using the handheld
approach was 0.248 mm and 0.001 mm when imaging with the RCM device. The signif-
icant decrease in probe motion during imaging with our device is a major contributor to
uniform sphere reconstruction discussed below and suggests aiding in decreasing the error
in calculated volume.

As a measure of geometric accuracy of acquired images of the spheres, we used the
sphericity measure as de ned by [141]. Given a sphere with the same volume as the parti-
cle, the sphericity is the ratio of the sphere's surface area to the particle's surface area:

p3(6V)3 (3.4)

1
Y= a
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Since the OCT is only capturing a half sphere, A and V in Eq. 3.4 are the area and volume
of the half spheres as measured in Imaris from the OCT images. A is therefore de ned
as A= %rpd2 (surface area of a sphere half including its base) ard ll%pd3. For half a
sphere, the maximum theoretical sphericity is 0.84. The appearance of the spheres in Fig.
3.8 visually depicts Eq. 3.4 withw value departing from 0.84 in Fig. 3.8 (a),(b),(c) and
approaching 0.84 in Fig 3.8 (d),(e),(f).

The sphericity results from the handheld approach are summarized in Table 3.3 and
from the RCM device in Table 3.4. The tables present the meatandard deviation
of sphericity and the mean absolute error as well as the mean absolute percentage error
of the calculated sphericity, de ned the same as for the volume above. The tables show
that the sphericity percent error when using the RCM is less than 3% and it is up to 10
times larger when using the OCT as a handheld device. Additionally, imaging with the
RCM device yielded uniformity in sphericity between imaging angles in contrast to the
handheld approach which yielded non-uniform sphericity at steep imaging angles. Images
taken with the RCM device are characterizedybyalues approaching 0.84 demonstrating
spherical reconstruction with less distortion compared to the handheld approach. A Mann-
Whitney rank sum test showed signi cant differences in the measured sphericity between

approaches across all trials (j©:002) (SigmaPlot, SPSS, Inc., Palo Alto, CA). Finally, as

Table 3.3: Sphericityy using the handheld approach based on calculated volumes and
mean absolute error based on nominal sphericity (0.84) of a hemisphere.

Sphere position in phantom 0 90 125
Calculated sphericity @1 0:0876 064 0:0813 059 0:0520
Mean absolute error (mean0:1324 0:0876 0:1997 0:0813 0:2473 0:0520
absolute percentage error) (15:8%) (23:8%) (29:4%)

Table 3.4: Sphericityy using the RCM device based on calculated volumes and mean
absolute error based on nominal sphericity (0.84) of a hemisphere.

Sphere position in phantom 0 90 125
Calculated sphericity 84 0:0014 084 0:0084 082 0:0143
Mean absolute error (mean0:0011 0:0009 0:0082 0:0107 0:0237 0:0143
absolute percentage error) (0:1%) (1:0%) (2:8%)
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Figure 3.8: Examples of C-Mode image reconstructions of two 1 mm spheres xed in a
phantom eye with the handheld approach at apP90 and c) 125 from the vertical
meridian demonstrating increased image distortions at steeper angles. C-Mode images
from images using the RCM device at d) € 90 and f) 125 from the vertical meridian
demonstrating the improved image quality when using the RCM approach.
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a demonstration af vivouse, an example post-injection OCT image from an anesthetized
pig post subretinal injection is presented in Fig. 3.9. After a subretinal injectionrdf 15
balanced salt solution was administered, the RCM-mounted OCT handpiece on a wheeled
cart with computer and viewing screen was positioned over the eye. The Bioptigen system
was placed in the Free Run Mode to locate the bleb with the RCM-mounted approach.
Then a rectangular 10 x 10 mm volumetric scan was obtained. The time to place the RCM-
mounted probe over the eye, nd this bleb, and obtain the rectangular volumetric scan
image was two minutes.

The same Bioptigen general retinal bore lens was used as described above for imaging
the metal spheres. The vivo porcine imaging was a demonstration that the RCM device
could be used to image amvivo retinal structure. There was no probe tracking conducted
during this imaging and no comparison to the handheld approach was made. Selected B-
mode images on either side of the retinal injection are shown alongside the corresponding
en faceimage in Fig. 3.9 (a)(b)(c)(d) and the 3D internal bleb reconstruction from Imaris

is shown in Fig. 3.9 (e).

3.4 Conclusions

We designed and fabricated a practical rigid mechanical linkage with ve degrees of free-
dom with an RCM device for stable C-Mode retinal OCT imaging. The device demon-
strated a profound image quality improvement when compared to traditional manual imag-
ing techniques by signi cantly decreasing the probe's positional variance during an imag-
ing process. The improved image quality yielded decreased volume estimation error and
improved preservation of sphere geometry. In addition to improved image quality, this de-
vice enables ne OCT image plane manipulability without compromising the image. Our
work proves to address the challenges in obtaining clear C-Mode images and can aid in
continued research requiring high- delity OCT images and can potentially be adopted as

a clinical aid for acquiring distortionless images during bedside imaging in the NICU. We
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Figure 3.9: Anin vivoimage of a subretinal injection of I balanced salt solution in an
anesthetized pig. Selected B-mode images used in acquiring the 3D reconstruction in (a)
and (c) with position their positions identi ed with a green line in the corresponding enface
image in (b) and (d). The 3D reconstruction of the formed bleb beneath the retina from

Imaris is shown in (e).

plan to publish this work in the clinical journal, The Association for Research in Vision &

Opthalmology (ARVO) Journal of Translation Vision Science & Technology (TVST).
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CHAPTER 4

Design Considerations for Low-Cost Parallel Robots

with Micro/Macro Motion Via Twisted Wire Actuators

4.0.1 Motivation

Current robots are capable of either moderate precision, high speeds (e.g. serial robots), or
high precision and slow motions (e.g. parallel robots). There are many applications that re-
quire the bene ts of multi-scale motion allowing the robot to provide fast motions through

a large workspace (macro motion), while enabling local slow precision manipulations (mi-
cro motion). One clinical example that can bene t from multi-scale manipulation (MSM)
robots is extraocular subretinal drug delivery where large scale motion is used to position
the robot with respect to an eye and micro-scale motion is used to deliver injectable drugs
to a subretinal layer.

The dif culty in achieving MSM stems from the contradictory demands of macro and
micro motion tasks. Macro-scale motion requires agile motion within the workspace while
micro-scale motion requires very slow actuators with a very high motion resolution. Al-
though it may be possible to satisfy the motion demands of MSM by using electromagnetic
steppers or piezoelectric actuators, such designs are often too expensive. The growing
ubiquity of additive manufacturing and rapid prototyping with 3D printers has enabled pro-
duction of low cost, high resolution transmissions, such as cycloidal gearboxes that may
circumvent more traditional, cost prohibitive solutions, such as planetary gearboxes and
ball screws for instance.

However, 3D printed gearboxes still suffer from size and backlash limitations. There
is therefore a twofold problem surrounding the design of MSM robots: (1) the motion ca-
pabilities of such a robot must include two con icting design characteristics of the macro

and micro motion regimes and (2) the system must not be so expensive that it is imprac-
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tically realizable. Parallel robots have been explored for their inherent high precision, but
despite the very large number of works on their design, to the best of our knowledge a true

single-system parallel robot with MSM is yet to be presented.

4.0.2 Relevant Works

MSM in a single robotic architecture is inherently dif cult and has lead researchers to ex-
plore hybrid architectures typically in the form of a serial robot used for macro motion that
carries a parallel robot used for micro-motion. Egeland's work [142] is an early exploration
of this architecture and more recent examples are presented in Refs. [143-147]. Another
recent example of an MSM robot is presented by Del Giudice et al. [122, 148, 149] that
uses equilibrium modulation in the actuation backbones of a continuum robot. This exam-
ple is an exception to the historic design paradigms of serially-stacked macro and micro
manipulators since it presents a single robot capable of MSM.

The work in this dissertation paper focuses on a robot architecture along the same line
of inquiry of a single robot with MSM employing low cost actuation in parallel robots.
Previous works in the area of high precision parallel robots have used exures and voice-
coil actuators [150] to achieve nano-scale precision. Portman et al. [151] used the extension
of hydraulically pressurized Gough platform cylinders to achieve a high rigidity robot with
nano-scale motion for machining.

TWAs are categoricallyinear actuators that use a motor to twist a bundle of wires and
as the wires twist around themselves, the bundle decreases in length. The micro-motion
capability of TWAs was demonstrated in the Ref. [35] and in the past decade predom-
inantly in the elds of biomimetics and bio-mechanics. TWAs have a characteristically
high frequency response and favorable stroke capability to size ratio. Their dependence on
wire rope make TWAs lightweight and enables non-linear wire routing in comparison to
traditional linear actuators that use metal threaded rods and bulky assemblies. This combi-

nation of properties are highly desirable features for biomimetic and rehabilitation robots,
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but even more so, the dependence on wire ropes keeps costs comparatively low.

For instance, in tasks like subretinal injection or retinal tissue inspection, surgical in-
struments must move at scales of individual micrometers. To ensure accurate drug delivery
and minimizing tissue damage, a robot must be capable of moving in steps similar in size
to retinal tissue thickness. For clinical diagnostics, high-de nition, distortion-free images
are required which demand manipulation on a scale similar to the desired image resolution.

Our work presents a design framework fasiagleparallel robot with MSM that does
not require the use of cost-prohibitive actuators by achieving micro-motion with TWAs.
While the kinematic models of TWAs are reasonably understood, the design considerations
of parallel robots to achieve MSM using TWAs are unexplored; this article addresses that

gap in the literature.

4.0.3 Contributions
Parallel robots have been explored for their inherent high precision. Despite the very large
number of works on their design, to the best of our knowledge there are no works present-
ing design guidelines dictated by micro-workspace characteristics within a larger macro-
workspace envelope. This work therefore offers contribution by presenting a modeling
framework for leveraging the precision and low-cost advantages of twisted wire actuators
(TWASs) to achievemicro-motionand by using kinematic redundancy irsegle parallel
robot endowed with MSM. An exploratory simulation study of a new design concept for
parallel mechanisms with MSM capabilities is presented. We propose the use of a kine-
matically redundantBRPR planar parallel robot architectdrto illustrate how MSM can
be achieved with parallel robots.

We also propose an alternative approach to addressing the variability of wire diameter
in a TWA helix throughout its stroke that is independent of additional sensors. This work

is focused on leveraging TWAs for achieving MSM and in presenting a robot modeling

The RRPR, 3RPR, and RRR notations designate a parallel robot with three kinematic chains and
specify the joint types (R=revolute and P=prismatic, bold letter indicates active joints) when traversing the
kinematic chains from the base to the moving platform.
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framework with consideration for TWA characteristics. The presented robotic system can
provide fast macro motions when used as &BRobot with the micro actuators locked
and with the macro actuators locked asRRR robot actuated by the TWAs.

Both sets of actuators can also be used simultaneously RRBR by implementing
a redundancy resolution. While prior works have addressed micro motion with parallel
manipulators and separately the modeling of TWAs, we believe this is the rst to consider
the impact of TWA design parameters on micro-motion characteristics in a parallel robot
such as minimal motion resolution, kinematic isotropy and conditioning.

This chapter is organized as follows. Section 4.1 discusses key nomenclature and mod-
eling assumptions made during simulations. Section 4.2 presents the kinematic formulation
for the manipulator and a redundancy resolution strategy to achieve combined macro/micro
motion. In Sec. 4.3 we review the kinematics of twisted wires as presented in the literature
in light of the manipulator used in this article. Section 4.4 presents an exploration of the
macro and micro motion workspace boundaries with consideration of TWA wire parame-
ters as well as the kinematic formulation de ning the separate motion regimes. In sec. 4.5
we offer insight on wire selection to achieve desired EE motion characteristics based on the
results of the previous section’'s simulation. Section 4.6 presents our experimental setup for
de ning an alternative method to estimating TWA wire radius and we demonstrate MSM as
well as quantify positional error in the micro-workspace. Lastly, the results are discussed

and conclusions are presented in Sec. 4.7.

4.1 Key Nomenclature & Modeling Assumptions

Figure 4.1 shows the schematic of the robot architecture where the macro actuators are the
prismatic joints alondii; i = 1;2;3. The TWAs are anchored at pointg along ‘; and

pull on pointsb;, the revolute joints the prismatic actuators are attached to. Traditional
revolute joints that rely on ball bearings and axles can suffer from backlash unless they are

torsionally preloaded [152] or axially preloaded which may introduce friction. We designed
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pointsb; to be a part of exure members that enable rotation about the phitadgliminate
parasitic effects and modeled the exures from Ref. [153].

The locations of the rst revolute joints (or the exure's centers of rotation at pdipts
are speci ed in the base frarhéw} using the polar coordinate§'s;s+), i = 1;2;3. The

Cartesian coordinates of these points are:

fi=ry cogsy);sin(sg);0
(4.1)
P, 2p
= 4+ 1) —
St, 0 D3
The moving platform is assumed to be an equilateral triangle with a raglivsplatform-
attached frame {p} is assumed to be at the center of this triangle with its x axis parallel to
the edge de ned by verticgss andp;.
We de ne thehome con guratiorof the robot when the moving platform's center point,
o, is aligned with the origin of the world frame,y, and is rotated abou,, 30 . In this
home con guration, the revolute joints at poirffsare in a neutral position (i.e. preloaded

with a 5 bend) and pointb; in Fig. 4.1 are coincident with the vertices of an equilateral

triangle with Cartesian positions given as:

by = rp[cogsp);sin(sp,);0]"

. 2
S = %+(| 1)?p:

4.2)

Note we introduce the notatioh,, to distinguish these as representational points from the
physical points on the robot.

The macro-motion prismatic actuators between pdinendp;, i = 1;2;3 are modeled
as high precision linear stages with minimal backlash lead screw and nut assemblies that
are actuated by a DC motor with a multi-stage planetary gearhead. The TWAs are modeled

as actuators comprised of two wires and are actuated by a DC motor with a multi-stage

2Frame {n} has is origin at poind, and&n, ¥, unit vectors.
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€Y (b)

Figure 4.1: (a) Schematic representation and kinematic nomenclature d?fa 3&tallel
robot with three exures at each vertex actuated by TWAs for micro-motion and three
prismatic joints for macro-motion. (b) a detailed subsection displaying one vertex of the
robot.

planetary gearhead. Lastly, we assume an ideal exure where the center of rotation is lo-
cated along the circumference on the center line that de nes the exure's axis of symmetry.
We show positional error in the experimental validation Sec. 4.6 that may be a result of this
assumption, but as discussed in Sec. 4.7, we feel this is a reasonable magnitude of error to

illustrate the intentions of achieving MSM.

4.2 Micro-Macro Motion Robot Kinematics

This section presents the kinematic formulation for the combined micro and macro motions
of the parallel manipulator. For completeness we include the kinematics for the macro
motion 3RPR and micro motion BRR although the kinematics of these architectures are
well known. We will use the terminologygm 2 IR® ! andgm 2 IR® 1 to designate the

strokes of the macro and micro actuators, respectively.
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Referring to Fig. 4.1, the loop closure at one of the vertices is given as:
t+ °R'pi Ogmfi M gy =0, i=1:::3 (4.3)

wheret is the position of the origin of frame {T}, which is attached to the moving plat-
form; 'p; are the vertex locations in the moving platform fra&}; gy are the macro
actuator lengthsp; are the unit vectors pointing from the base platform vertices to their
corresponding vertices on the moving platfomm;are the anchor points for the TWAs and
are xed locations on the base platform used for describing the base vertex exure motion
with respect to the {w} frameq, are the micro actuator lengths; andre the unit vectors
pointing fromm,; to their corresponding base platform vertices.

Differentiating (4.3) with respect to time:
t+wr °R'pi Om A GmPm Omi Om'i= 0O (4.4)

wheret andw; are the linear and angular velocity of the moving platform, respectively. We
usek = tT;w] ' 2 IR® to designate the twist of the moving platform.

The unit vectorsfi and :i, are parameterized by the anglgsandd; as shown in
Fig. 4.1, or in other words, they rotate abaiy, y; andd; degrees. Differentiating both

with respect to time gives:
fi=yi(2 M);Si=d 20 5 ; i=123 (4.5)

Referring to4 m;fib; in Fig. 4.1, we de ne anglel; as:

Ci2 aZ qm2

B,

hi

d = cos ! = cos 1(h) (4.6)

3We use®x to describe vectox in frame {A} whose origin isa and®R, as the rotation describing the
orientation of {A} with respect to {B}.
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wherec; = jifi  bijj, & = jjfi mijj, dm = jjm;  bjjj; andf; are the exure's centers of
rotation. The time derivative of (4.6) is:
hi

1
d=g—— h= —
1 h? a

h
il 4.7
o Om (4.7)

Next, we de ne the the macro and micro motion joint speedgm@s [ dmy; Omy; dms] "

andgm=[0m;0Om;dm]", respectively and substitute (4.5) into (4.4) to give:
t+w OR'pi Omfi dmy(Po M) Omi dmli 20 i =00 (4.8)

The angley ; are passive and unmeasured, thus, we elimipafeom Eq. 4.8 by taking

the dot product with; and using the scalar triple product:
Art+(ORipi ANWe am  am N gmdiil 2 G =0 (4.9)

and if we de ne the ternd :

J = (ﬂ&'ih) (4.10)

a 1 r
Equation 4.9 can be simpli ed to:
2 3
t h_ i
Al OR'pi rA1.T9 = gm+ A +JIA 20 TP am (4.11)
Wi

and grouping terms into matrix form gives:

AK = BnQm+ Brmdm
(4.12)

A2IR® 6% Kk2IR% By Bm2 RS S
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Matrix A is the instantaneous direct kinematics méterd matrice®,, andB are the
instantaneous inverse kinematics matrices for macro ar;]d micro motion, respectively. The
ith row of matrix A is given by the Plucker coordinafe, A" °Rdpi A T of the
prismatic joints in a hybrid frame parallel to the world frame with its origin at the center of

the moving platform:

2 2
L, g O o

A=§L2T§;Bm:|3 3;Bm—§0 & o% (4.13)
L4 0 0 e

whereg, i = 1:::3 are given by:

A TS Amhfi’ 2o i :
g=nhn j+ P i=1,2:3: (4.14)

The reduced-dimension end-effector twist for a planar manipulxtor,[tx;ty;g]T, IS

used to give the simpli ed instantaneous direct kinematics matrix:

2 3
nx Ny 25 °Ri'pr  fg
EHZX Noy 2-5 ORi'p, f2 %X = BmOm+ Bmlm (4.15a)
nax Nay 25 °Ri'ps 3
{z }
A
AX = BmQm+ BmOm (4.15b)

Finally, to include the TWA kinematics, we rewrite Eq. (4.15) as:

AX = Bmm+ BrNQm (4.16)

4Naming of these matrices is derived from correspondence of singularity of these matrices to singularity
of the inverse/direct kinematics [154].
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whereqn, is the vector of gear-head speeds driving the TWAs. We also de ne the diagonal

matrix N = diagns;n»; ns], wheren; = quim as de ned in EqQ. (4.28) in Sec. 4.3.2.

4.2.1 Separate Micro/Macro Kinematics

We are interested in observing the effect of the TWAs on the micro kinematics independent
from the macro-actuator's effects. We solve the macro and micro kinematics separately
by assuming two scenarios: 1) the robot is either used strictly for macro-motion and the
micro actuators are locked at a constant length @g= 0) or 2) the robot is used only

for micro-motion and the macro actuators are locked at constant lengthg(i=e0). We

de ne the following macro and micro-motion instantaneous kinematics:
Om= quxx; Om= quxx; dm= quxx (4.17)
where these Jacobians are de ned by Egs.(4.12) and (4.16):

Jx= A Jg = Ba'Al I, = BaN A (4.18)
4.2.2 Redundancy Resolution
If we wish to control the robot such that pose error is closed by simultaneous actuation of
the macro-motion and micro-motion actuators, it is impractical to use Eq. (4.17). By solv-
ing Eq. (4.15) with a redundancy resolution strategy we can selectively actuate using only
macro or micro-motion actuators or use both sets of actuators concurrently. We combine
the macro and micro motion IIK matrices in Eq. (4.15) to give:

2 3
AX= B, Bn qug; Brm?2 IR® © (4.19)
| —{z—} Om

Bmm
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whereBmm is the combined macro-micro motion IIK matrix. The joint velocities are then
given as the solution to the minimum weighted norm problem [155]:

2 3

1
Q9L - w BT B BT AX (4.20)
Om

whereW is a positive de nite diagonal weight matrix whose entries act as penalties on the
corresponding joints of the robot. We can selectively actuate joints using smaller weight
values and limit actuator motion using larger weight values.

In the following section, we focus mainly on the micro-motion Jacoblgns andJg, «

to clarify the potential bene ts of using TWAs.

4.3 Twisted Wire Actuator Characteristics

TWAs are categoricallyinear actuators that use a motor to twist a bundle of wires and

as the wires twist around themselves, the bundle decreases in length. The micro-motion
capability of TWAs was demonstrated in the Ref. [35] and in the past decade predom-
inantly in the elds of biomimetics and bio-mechanics. TWAs have a characteristically
high frequency response and favorable stroke capability to size ratio. Their dependence on
wire rope make TWAs lightweight and enables non-linear wire routing in comparison to
traditional linear actuators that use metal threaded rods and bulky assemblies. This combi-
nation of properties are highly desirable features for biomimetic and rehabilitation robots,
but even more so, the dependence on wire ropes keeps costs comparatively low which is

the main motivator for this work.

4.3.1 Actuator Kinematics
This work presents a design framework fasiagleparallel robot with MSM that does not
require the use of cost-prohibitive actuators by achieving micro-motion with TWAs. In this

section we discuss the TWA kinematics in the general case of an actuator with a helix of
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n wires. We assume formation of a perfect helix throughout the TWA stroke, however,
consideration for non-ideal helix formation as presented in Ref. [156] may be necessary
for certain other cases.

From Fig. 4.2 and using Pythagoras' theorem, the actuated length of the TWA is de ned
as:

q___
r= 12 r2g3 (4.21)

wherelg is the untwisted length of the wiregy, [rad] are the rotations (located at pomt
in Fig. 4.1) experienced by the TWA helix amnds the radius of that helix shown in Fig.
4.2. The helix radius is the sum of the radii of the wire strandsand the helix core.
(i.e. r = rs+ r¢). Note that in the case of a TWA with two wires the helix core radius is
zero and in the case of a TWA comprised of more than two wires, the helix core radius will

be greater than zero (i.g; > 0).

Figure 4.2: Key terminology for a TWA. (b) A diagram showing the TWA actuation length
gm, Strand lengthg, TWA twist anglegm and TWA helix radiug. (b) A free body diagram
showing the relationship between the internal strand fdgcéhe tangential forcd, the
motor torqué , and helix angla .

Wires behave similarly to springs when acted on by a tensile force and can therefore
not be assumed to have an in nite stiffness as Eq. (4.21) suggests. While considering the

wires as springs with nite stiffness as derived in Ref. [157], the actuated length is de ned
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as. S

f.2
On(dms fs) = |§ 1+ K—S r’gqa (4.22)
S
where K is the wire's stiffness per unit length ariglis the axial force acting on one strand.
If the motor input torquet,, is resolved into its component force as depicted in Fig. 4.2

(b), a strand's tangential forcd,, can be de ned as:
fp=t=r: (4.23)

Assuming that the tangential force is evenly distributed across each of therhelix

strands, the individual strand axial fordg, can be de ned as:
fs= fi=(nsin(a)) = filo= nrgm (4.24)

wherea is the helix pitch angle:

1 FOm

a = sin —_—
lo

(4.25)
The total axial force applied by the TWA;, depicted in the free-body diagram in Fig.
4.2 is:
fh = nfscoqa) = nfsgn=lo: (4.26)

Finally, the minimal length of a TWA occurs when the helix pitch angle g, 2nd
the maximum TWA twist angle is substituted into (4.22). The maximum twist angle,,
de ned also in Ref. [157] is:

1+ f=x2

Grna = o r2+ n2r§:p: #.27)
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4.3.2 Sensitivity to Input Angle Uncertainty

It is imperative to understand an actuator's transmission ratio when selecting for a manip-
ulator design as this ultimately affects minimum motion resolution. Thus, we explore here
the sensitivity of actuation length to input angle as well as wire parameters. Eq. (4.22) is
simulated using MATLAB for a TWA comprised of two wires in Fig. 4.3(a). The trans-

mission ratio, de ned by differentiating Eq. (4.22) with respecteis:

ﬂQle . rZQm

g
fiam 12(1+ )2 r2g2

(4.28)

and is simulated in Fig. 4.3(b). In both gures we observe the transmission ratio is a strong
function of wire strand diameter and the bandwidth of the actuator is a strong function of
the wire's initial length. When selecting for manipulator design, the manipulators necessary
precision and workspace envelope ultimately dictate the wire parameters and it is necessary

to consider the interplay between wire length and diameter on transmission.

4.3.3 Sensitivity to Load Uncertainty:
Additionally, the effect of strand load on the actuator position can be illustrated by differ-

entiating (4.22) with respect to strand tension:

|2
ﬂCIm_ A Kl;(l-'- fs:Ks)

= g : (4.29)
Tts 12(1+ f=J)® r2q2
Combining (4.28) and (4.29) gives joint-level velocity as:
1dm 1dm
= —dgnmt+ ——dfs 4.30
Om Tom Om Tfo s ( )

where() designates a derivative with respect to time. The rst term in Eq. (4.30) suggests
actuation velocity is sensitive to error in the helix twist angle (or the input motor angle) and

the second term expresses a sensitivity to strand load.
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(b)

Figure 4.3: (a) The actuated lengik in [mm] of a TWA simulated for strand lengths
ranging from 200 - 260 mm and strand radii ranging from 0.1 - 0.4 mm and (b) the axial
transmission of a TWA simulated for strand lengthsanging from 200 - 260 mm with
strand radii ranging from 0.1 - 0.4 mm.
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Velocity errors imparted by angular uncertainty can be mitigated by minimizing any tor-
sional backlash between the actuation motor and TWA. Accounting for errors associated
with strand loads requires measuring the axial force on the actuator throughout its stroke
but in certain cases this can be dif cult or expensive. To minimize the velocity errors from
uncertainty in axial load, high axial stiffness wires can be used. The the terms associ-
ated with Hooke's Law in Eq. (4.30) are driven to zero with an arbitrarily large stiffness

constant, K, which minimizes the change a load would affect.

4.4 Workspace and Kinematic Conditioning Simulation

This section illustrates the motion capabilities of a kinematically redunddaRPR pla-

nar parallel robot by observing macro and micro workspace volumes as well as kinematic
conditioning within each workspace subdomain in a simulation case study. We rst look
at themacroworkspace of a 3RR manipulator by keeping the TWAs at a constant length.
We then do a discovery for the reachabiero workspace of aRRR keeping thenacro
actuators at constant length. Kinematic conditioning is observed within each subdomain of
workspace independently to isolate the capabilities offered by using TWAs.

We simulate a robot with a moving platform of radigs= 45 mm and the radius of the
base platform is, = 120 mm. The radius de ning the locations of the exure centers of
motion isr¢ = 75 mm. Considering the proposed design discussed in Sec. 4.6 and with the
exures manufactured from PLA, we felt a bending limit ofLlO is reasonable to allow a

suf ciently large micro-workspace while not pushing PLA beyond its physical limits.

4.4.1 Macro Workspace and Conditioning

Using a depth- rst search of reachable points, we rst simulate the macro-workspace while
holding the TWAs at constant lengths to keep the exures at their initial exed positions.
The moving platform is held at a constant 3@tation aboutz,. The depth- rst search

is carried out in the radial direction with variable radial step sizes that terminates with a

minimal search resolution of hén.
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The reachable macro workspace is depicted in Fig. 4.4 with a red dashed line. It is
important to understand a manipulator's motion capabilities within its workspace and the
minimum singular value of a direct kinematics Jacobian indicates a proximity to singularity.
We therefore calculate the minimum singular values of this Jacobian within the workspace
envelope and plot them as a color map. To avoid the use of a characteristic length, we

separately de ne a direct kinematics translational Jacoldigp, and orientation Jacobian,

5.
Imer ™

1 .- 1 L) -
I (L2001 3me s 3 (300 (4.31)

with the minimum singular value ofln,,, plotted in 4.4 (a) and the individual singular
value of,Jm,,, plotted in 4.4 (b).
Figure 4.4 (a) also displays kinematic manipulability ellipsoids at a select sampling of

points within the reachable workspace de ned as:

n (0]
Km= X¢ ) ImeOm X = 0; jjdmij = 1 (4.32)

wherex,, =[x y]" designates the EE linear velocity. The aspect ratio of the ellipsoids is
a visual representation of the robot's kinematic isotropy, i.e. as the ratio of the ellipsoid's
major and minor axes approaches unity, the manipulator is able to move in all directions
with equal speed and effort. Note that the ellipsoids are scaled to give a comprehensible

visualization of the robot's ability to impart EE motion.

4.4.2 Micro Workspace and Conditioning

Similarly to Sec. 4.4.1, a depth rst radial search is used to identify the micro workspace
volume by holding thenacroactuators constant while the TWAs control the exure posi-
tions. Figure 4.5 shows the outline of the micro workspaces in blue dotted lines and the

outline of the macro workspace in a red dashed line. At any sample point within the reach-

SThe notationA(i : j;:) designates rowisthroughj of a matrixA.
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Figure 4.4. Macro workspace boundary drawn in the dashed red line for a xed moving
platform rotation of 30 with (a) kinematic translational manipulability ellipsoids, as de-

ned in Eqg. 4.32 overlaying a color map of minimum singular values of the translational
JacobianJm,, and (b) a color map of the single rotational singular value of the orientation

JacobianJp,, .
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able macro workspace, we nd the reachable micro workspace using a depth- rst search
in radial and polar directions while locking the macro actuatgrs £ 0) and using the
inverse kinematics of theRRR robot with the TWA transmission. The task space radial
search minimal resolution was7mm and the micro workspaces respect the constraints
of the TWAs operational range and the limits of the revolute joints.atVe nd that at
any of the sample points, the size of the reachable micro workspace is roughly 5 mm. For
clarity, we only draw a small subset of the reachable micro workspaces, but one could use a
much denser set of macro workspace points to produce a richer dataset to compare against
minimal workspace design requirements.

We de ne Jy,, andJy, as the translational and orientational direct kinematics micro-

motion Jacobians given by the rst two rows ‘d)me and the third row oﬂqmlxz
1[99 1 (a..
N an%(l.z, D Imy qux(3, ) (4.33)

Within the micro workspaces in Fig. 4.5, two sets of EE translational ellipsoids are
drawn. The blue ellipsoids visually represent EE velocities when not including the effect
of the TWA transmission ratios such that:

n o]

Kn= X | I, dm X = 0; jigmij = 1 (4.34)

—11(1.9.
whereJ,, = qux(l 120).
The red ellipsoids depict the effect of TWA transmission ratios on robot EE motion and

describe the set of EE velocities satisfying:

n 0
Km=" Xy J Im@m Xy =0 jjqmj =1 (4.35)

whereJy, = qu:X(l 1 20).

The blue ellipsoids (manipulability without the effect of the TWAS) were drawn with
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Figure 4.5: Simulated reachable macro workspace drawn in red dashed like with a sampling
of reachable micro workspaces represented by blue dotted lines. Kinematic translational
manipulability ellipsoids are drawn within the micro workspaces mappexi 1;oy\]qmlxqm

drawn in red and manipulability ellipsoids mappedy qujxqm drawn in blue for a 30
platform rotation.

a scaling factor of 5 10 “ to match the scale of the ellipsoids considering the effect of
the TWAs. The implication of the compressed motion scale when using TWAs is smaller
motion resolution and suggests an increase in precision.

Additionally, close observation reveals the use of TWAs is not limited to scaling the
ellipsoids but imparts a rotation of the ellipsoid axes as a result of non-uniform TWA trans-
mission ratios. It is noteworthy that certain EE positions within the micro workspaces
correspond with poor isotropy. This is, however, not surprising given that we did not carry

out dimensional optimization of the kinematic chamg b;; f;.
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4.4.3 Micro Motion Resolution and End-Effector Error
The analysis in the preceding sections does not account for sensory uncertainty limiting the
actuators' position control performance or for motion transmission losses due to actuator
backlash. The effects of these two sources of joint-level uncertainty on the position and
orientation uncertainty of the moving platform are analyzed in this section and the results
of this section will be used as an input for section 4.5, which outlines a design strategy of
these parallel robots while taking into account the actuator and TWA characteristics.

In the rst part of this section, we de ne th#inimal Micro-Motion Resolutioras
the minimal motion resolution of the parallel robot moving platform due to the sensory
resolution of the actuator (e.g. encoder resolution) or due to actuator motion resolution
if a stepper motor is used. In this section we assume perfect motion transmission in the
TWA and the gearhead and we use the robot of Fig. 4.1 as an illustrative example. We also
consider the sensitivity of the minimal motion resolution to wire parameters used in the
TWAs for micro-motion.

Later, we de ne theMicro-Motion Position Errorand discuss the induced positional
and rotational errors of the moving platform due to mechanical backlash of the actuators

and we show how the TWA wire parameters effect this error.

4.4.3.1 Minimal Micro Motion Resolution
Using the instantaneous micro motion kinematics of Sec. 4.2, we model the moving plat-
form's translational and rotational motion resolutiomx{, andDx,, respectively) as a
function of the uncertainty vector of the TWA input angleg, which is generated by the
sensory uncertainty or minimal control resolution of the motor.

The input angle of each TWA is given [i)g; = é% i = 1;2;3 whereC is the encoder
counts per turn ané is the gearhead reduction ratio. Using a local linearization of the

kinematics based on the following Jacobian relationships:

JIm, DA m, = DXyy; Jmy DA m,, = DX (4.36)

64



we can bound the translational and orientation errors of the moving platform. To do so, we
consider the worst-case scenario where all actuators experience maximal uncertainty in the
worst possible direction for the robot in terms of error propagation. Therefore, we consider
the vectordqy = P 3Z& vy andDq o = P 3Z vor wherevy, andvy are the right singular
vectors that correspond to the maximal singular valuekpfandJy,,, respectively.

The above approach considers the ellipsoid circumscribing the polytope of uncertainty
[158]. By scaling the input vectors to the Jacobian mappings in Eq. (4.36) we scale the
ellipsoid appropriately while avoiding the dif cult computation of polytopes (e.g. as in
[159]).

Assuming encoder resolution &= 12 counts per turn and a gearhead with a trans-
mission ratio,G = 64, Fig. 4.6(a) & (b) present a contour map of the robot's translational
motion resolution within the micro workspace regions and nd with increasing wire diam-
eter in the TWA, the minimum motion resolution increases. Rotational motion resolution is
depicted in Fig. 4.6(c) & (d) in the same fashion as the translation resolution. Just as trans-
lational resolution is negatively affected by increasing wire diameter, rotational resolution

suffers from losses with larger wires.

4.4.3.2 Positional Error Sensitivity
To predict the effect of gearhead/actuator backlash on the moving platform's translational
and orientation error and to compare their values for varying wire diameters of the TWA
we again use Eq. 4.36 except we de gg, = P 32 vir andqm, = P 328 vor whereB is
the gearhead backlash in degrees.

If we assumdB = 10 we nd a maximal positional error in the range n 55 nm
as plotted in Fig. 4.7(a) & (b) and max rotational error in the range 60 arcsec - 220 arcsec
as shown in Fig. 4.7(c) & (d), depending on wire diameter. We conclude for positional
error the same as with motion resolution, error increases with an increasing diameter of

wire used in a TWA.
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Figure 4.6: Contour mapping of motion resolution sensitivity to wire diameter in a two-
strand TWA within a sampling of micro workspaces, drawn in light blue dotted line, within
the macro workspace boundary, drawn in the red dashed line. Translational resolution with
a TWA using (a) 0:2mmwires and (b) 0:8 mmwires. Rotational resolution with a TWA
using (c) 0:2 mmwires and (d) 0:8 mmwires.

These gures show that the micro motion uncertainty is dominated by the gearhead
backlash as opposed to the sensor error. Additionally we also observe translational error
can be reduced by at least 25% by decreasing the wire diameter by The expected mini-
mal detectable translational motion resolution range:4s 01:5mm compared to an EE
translational error of less than 1455nm depending on . As well, the expected minimal

detectable rotational resolution isS6arcseccompared to a rotational error of less than

66



(@) (b)

() (d)

Figure 4.7: Contour mapping of pose error sensitivity to wire diameter in a two-strand
TWA within a sampling of micro workspaces, drawn in light blue dotted line, within the
macro workspace boundary, drawn in the red dashed line. Translational error with a TWA
using (a) 0:2 mmwires and (b) 0:8 mmwires. Rotational resolution with a TWA using

(c) 0:2mmwires and (d) 0:8 mmwires.

140arcsec These results show that, despite using low-cost actuators, one could achieve
very high precision with a parallel robot using TWAs when considering wire diameter in

addition to mechanical limitations.
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4.5 Design for Desired Micro-Motion Performance

In the previous section we discussed the sensitivity of motion resolution and positional
uncertainty to wire strand diameter while assuming actuator properties such as sensor res-
olution and gearhead backlash. In this section, given micro-motion workspace parameters
we provide insights based on the aggregate of the previous section's analyses to inform
wire selection in actuator design.

When designing robots for a particular motion resolution or positional error, component
selection is complicated by the large number of combinations of mechanical components
and their various characteristics. Robot motion capabilities can vary drastically with minor
changes in mechanical properties, and Sec. 4.4.3.1 & 4.4.3.2 indicate that the TWA wire
diameter is the primary design factor dictating micro-motion characteristics followed by
the effect of gearhead backlash.

Figure 4.8 explores the design space for the robot in Fig. 4.1(a). Namely, the gure
shows the effect of choosing a particular TWA wire radius and a gearhead with a known
backlash on the expected micromotion translational error. This gure can be used as a
component selection guide. By specifying the acceptable micromotion error, one can select
the speci ¢ error curve that depicts the design space of TWA wire diameter and gearhead
backlash. The likely scenario for using this design gure is to select a gearhead and use its
speci ¢ backlash on the vertical axis. Intersecting the horizontal line of speci ¢ backlash
value with the target error curve gives the desired TWA wire radius on the horizontal axis.

Although the same analysis can be done for motion resolution, positional uncertainty
in the case of our presented robot design is always larger in magnitude as demonstrated in
Figs. 4.6 & 4.7. Therefore, by following the algorithm presented below, we use positional
uncertainty as a guiding performance metric to select the wires used in the TWAs during

experimental validation.
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Figure 4.8: The maximal translational error of the robot's moving platform due to actuator
backlash and as a function of the wire diameter in a two-wire TWA.

4.5.1 Design algorithm
Given the kinematics model of the robot and TWA kinematics, following the ow chart
in Fig. 4.9 we solve for the robot end effector motion uncertaid¥,(; DX,,) to identify
component combinations that yield a positional uncertainty less than a desired threshold,
em,; em,. Using some assumptions of available gearheads, typically dictated by nancial
constraints, an array of gearhead backlash vall&g ::: Bmax, IS established and an
array of available TWA wire strand diameters is also de nedyin ::: max-
For a particular combination of gearhead backl&hand TWA wire strand diameter,

i, the maximal workspace uncertainty values are computed using the linearized Jacobian
relationship in Eq. (4.36). This process is repeated for all possible combinations of wire
strand diameters and gearhead backlash values until a desired error threshold has been

met. Once a suitable wire diameter has been identi ed, a validating translational resolution
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Figure 4.9: Flow chart to identify wire diameter and gearhead backlash for a desired micro-
workspace resolution.

analysis, like that in Sec. 4.4.3.1 can be done if gearhead ratios and encoder counts are
known.

If speci ¢ gearhead transmission ratio and encoder resolution are not yet identi ed, a
similar approach can be used to identify parameters as described in Fig. 4.10. From the pre-
vious identi cation process, a preferred wire diameter is selected and two separate arrays
are established to iterate over, encoder resoluf@gin ::: Cnax, and gearhead transmis-
sion ratio,[Gnin ::: Gmax. The linearized instantaneous kinematics relationships are again
used to solve for positional and orientation uncertainty to identify the combination of trans-
mission ratio and encoder resolution that meets the desired micro-motion uncertainty.

Previously, we discussed using the workspace boundary as a design constraint as well.
While there are examples of designing parallel manipulators based on workspace volume
requirements as in Ref. [160, 161], the primary focus of this article is to provide insights
on robot design based on TWA parameters for micro-motion. Further, the proposed robot
in this work has a workspace envelope that is primarily constrained by the range of motion

of the exure joints and less so on wire parameters.
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Figure 4.10: Flow chart to identify gearhead transmission ratio and encoder count given
TWA wire diameter and desired micro-workspace resolution.

In the following section, we present experimental validation of a robot constructed with

TWAs employing wires and actuators selected via the process presented above.

4.6 Experimental Validation

To validate the MSM capability of theRRPR manipulator presented in the previous sec-
tion, we manufactured a prototype planar parallel robot as shown in Fig. 4.11 using TWAs
(Fig. 4.11a) to® facilitate micro-motion. The dimensions of the moving platform (Fig.
4.11+) and base platform are identical to the dimensions used in our simulation study dis-
cussed in Sec. 4.4. The macro motion actuators are Velmex A1506B-S1.5 with (4.5" travel
and 20 turns/inch pitch) linear stages (Fig. 4@Jlwith stroke actuated by Maxon RE16
with GP 16A (110321) gearhead (Fig. 4.&)- When fully assembled, the macro actuators
have a minimum length of 100 mm and maximum length 180 mm. The TWAs are a two-
strand actuator made with Power P®®.0 Ib. braided shing line ( 0:15 mm Spectra

ber) with an initial length of roughly 230 mm. The TWAs motors are Maxon RE13 with

5The notatiorFig:x @ refers to the encircled numbgin gure x
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