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ABSTRACT

In this dissertation, we present methods for intuitive telemanipulation of manipulators
that use piezoelectric stick-slip actuators (PSSAs). Commercial micro/nano-manipulators,
which utilize PSSAs to achieve high precision over a large workspace, are typically con-
trolled by a human operator at the joint level, leading to unintuitive and time-consuming
telemanipulation. Prior work has considered the use of computer-vision-feedback to close a
control loop for improved performance, but computer-vision-feedback is not a viable option
for many end users. We discuss how open-loop models of the micro/nano-manipulator can
be used to achieve desired end-effector movements, and we explain the process of obtaining
open-loop models. We propose a rate-control telemanipulation method that utilizes the
obtained model, and we experimentally quantify the effectiveness of the method using a
common commercial manipulator (the Kleindiek MM3A).

The utility of open-loop control methods for PSSAs with a human in the loop depends
directly on the accuracy of the open-loop models of the manipulator. Prior research has
shown that modeling of piezoelectric actuators is not a trivial task as they are known to
suffer from nonlinearities that degrade their performance. We study the effect of static
(non-inertial) loads on a prismatic and a rotary PSSA, and obtain a model relating the
step size of the actuator to the load. The actuator-specific parameters of the model are
calibrated by taking measurements in specific configurations of the manipulator. Results
comparing the obtained model to experimental data are presented.

PSSAs have properties that make them desirable over traditional DC-motor actuators
for use in retinal surgery. We present a telemanipulation system for retinal surgery that uses
a full range of existing disposable instruments. The system uses a PSSA-based manipulator
that is compact and light enough that it could reasonably be made head-mounted to
passively compensate for head movements. Two mechanisms are presented that enable
the system to use existing disposable actuated instruments, and an instrument adapter
enables quick-change of instruments during surgery. A custom stylus for a haptic interface
enables intuitive and ergonomic telemanipulation of actuated instruments. Experimental

results with a force-sensitive phantom eye show that telemanipulated surgery results in



reduced forces on the retina compared to manual surgery, and training with the system
results in improved performance.

Finally, we evaluate operator efficiency with different haptic-interface kinematics for
telemanipulated retinal surgery. Surgical procedures of the retina require precise manip-
ulation of instruments inserted through trocars in the sclera. Telemanipulated robotic
systems have been developed to improve retinal surgery, but there is not a unique mapping
of the motions of the surgeon's hand to the lower-dimensional motions of the instrument
through the trocar. We study operator performance during a precision positioning task on
a force-sensing phantom retina, reminiscent of telemanipulated retinal surgery, with three
common haptic-interface kinematics implemented in software on a PHANTOM Premium
6DOF haptic interface. Results from a study with 12 human subjects show that overall
performance is best with the kinematics that represent a compact and inexpensive option,

and that subjects’ subjective preference agrees with the objective performance results.
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Functional description of a piezoelectric stick-slip actuator. A saw-tooth
voltage is applied to the piezoelectric element. As the voltage slowly increases
from 1 to 2, the piezoelectric element stretches by a distance D, and due
to stick-slip friction between the piezoelectric element and the sliding mass,
the sliding mass also advances. When the voltage is quickly reduced from 2
to 3, the piezoelectric element quickly shrinks, but the inertia of the sliding
mass prohibits it from moving backward as quickly, resulting in a net forward
displacement of the sliding mass 0f d < D oo

Simulation results for Algorithms 1 and 2 implemented on an MM3A, for a 2D
task in a horizontal plane. At each instant, the user commands the end-effector
to move from its current location toward Xt at 0.1mm/s. A line joining Xi
and Xt is shown for reference. The step-size model used has 71 = 60”~rad and
73 = 0.8"m, where yland 73 are diagonal elements of r. Inset shows the top

view of the MM3A with its workspace in the horizontal plane used in simulation.

Experimental setup. A tungsten probe with a tip diameter of 1 is attached
as an end-effector. The NanoControl unit is shown in the inset........ccoovnen.

Experimental results, corresponding to the simulation of Fig. 2.2. (a) Screen-
shot of the camera-image display on the GUI with the end-effector moving at
Xd = 0.5mm/s. (b) Screenshot of the display after applying blob detection
algorithm. The medium circles indicate the initial (Xi) and desired positions
(Xt) at the start of a trial. The large circle indicates the probe tip as seen by
the vision system and the small circles show the history of estimated positions
AUIING The TFTA Lot sr et e e eneeneas

Experimental results for Er. The step size models used were Y1 = 68"rad,
71(93) = (14688 —17103)-1 “rad, and Y3 = 0.77 MM .o

Functional description of a piezoelectric stick-slip actuator. A saw-tooth
voltage is applied to the piezoelectric element. As the voltage slowly increases
from 1to 2, the piezoelectric element stretches by a distance D, and due to
friction between the piezoelectric element and the sliding mass, the sliding
mass also advances (stick phase). When the voltage is quickly reduced from
2 to 3, the piezoelectric element quickly shrinks, but the inertia of the sliding
mass prohibits it from moving backward as quickly, resulting in a net forward
displacement of the sliding mass of d < D (slip phase). This is also known as
the coarse mode of operation of the actuator. In the fine (traditional) mode,
the voltage signal between 1 and 2 is controlled to achieve fine positioning. . . .
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Kleindiek MM3A. With the z0 axis initially vertical, the base frame is rotated
by 0 about x0 and then rotated by ~ about the new y0. (a) Isometric view
at 0 = 90°. No gravitational loads acting on joints 2 or 3. (b) Side view at

0 = 0°, with gravitational loads acting on both joints 2 and 3. Z= "~ —q2. ...

The Kleindiek MM3A manipulator is shown at different orientations. (a)
g2= —n/2,0=0,and » = 0 (b) g2= —/2 and » = 0 at a particular 0 (c)
g2= —n/2 and 0 = 0 at @ PartiCUlar ™ ...

(a) Experimental data for the step size of the prismatic joint (7 3i) as a function
of Z, plotted at 0 = 0 and —n /2, with data recorded on three different days.
(b) Model equation fitted to experimental data for a single day (Day 1) at
0 = 0 and —/3, with ~ = 0. Calibrated parameter values of a+ = 972,
b+ = 0.27, c+ = 372, a- = 899, b_ = 0.25, and ¢_ = —436 were found using
the three calibration configurations described in the teXt......cciniiiiininens

Calibrating configurations (in sequence) for identifying the six unknown pa-
rameters of the model of the prismatic joint (joint 3). (a) ai is calculated by
measuring j 3i at (g2,0,*) = (-n/2,0,0), (b) bi is calculated using ai calculated
in the previous step and j 3i at (92,0,”) = (0,-n/2,0), and (c) ci is calculated
using the values of ai and bi above, and j 3i at (92,0,”) = (0,0,0).cccccceniniinrnnnnne.

Step size (a) y2_ and (b) Y2+ as a function of Zat g3= 0 and 12mm, » = 0,
and 0 = 0. Y2 is recorded for intervals of n/6 from —n/6 to 7n/6 and is
plotted at the midpoint of each interval as explained in Section 4.3. .........

Calibrating configurations (in sequence) for identifying the six unknown pa-
rameters of the model of the rotary joint 2. g2 is driven across its full range
from n/6 to -7n/6 in the negative and positive directions at (a) g3 = 0mm,
0=0,and » = 0; (b) g3 = 12mm, 0 = 0, and » = 0; (c) g3 = 12mm,
0= —n/2,and » = 0;and (d) g3=0mm, 0= —n/2,and ® = O.cceeerrrrvrcrrrn

Simulated model of the step size of joint 2 in (a) the negative direction, and
in (b) the positive direction. The values of 72e=0 and 720=-n/2 are fixed, and
0 was kept at zero in simulation. The nature of data obtained in simulation
agrees with experimental results shown in Fig. 3.6....c.cccoiiiiiiiiiiiiiceneeee,

Variation of the free parameter di with respect to change in difference between

| 2i,e=0 and Y2i,e=-n/2 at different values of 72i,g=_n/2. The vertical dash lines
represent the range of this difference as observed in experiments........c.ccceevnene

(a) Model equation fitted to experimental data taken on a single day for Y2i
at () g3= O0mm, 0 = 0, » = 0 in the negative direction, with d_=3.83 ~rad
(b) 3= 0mm, 0= 0, » = 0 the in positive direction, with d+=-8.15 *rad (c)
g3= 12mm, 0 = 0, » = 0 in the negative direction, with d_=23.94”rad(d)
g3= 12mm, 0 = 0, » = 0 in the positive direction, with d+=-19.40 ~rad (e)
g3=0mm, 0= —n/4, » = 0 in the negative direction, with d_=6.91 ~rad (f)

g3= 0mm, 0= —n/4, » = 0 in the positive direction, with d+=-10.24"rad. ..

Instruments inserted through trocars in the pars plana region of the sclera are
used to perform delicate scraping and peeling motions to peel membranes on
the retina. Image courtesy James Gilman, CRA, FOPS ...
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Retinal-surgery System. (a) 6-DOF manipulator for retinal surgery. (b)
Experimental setup of the retinal-surgery system. The surgeon looks in the
phantom eye using a stereo microscope, and telemanipulates the end-effector
of the instrument with 4-DOF (3-DOF translation, and rotation of the in-
strument about its axis) using a Geomagic Touch (located to enable direct
access to instruments) with a custom stylus that is constrained to have the
same 4-DOF by locking the wrist. (c) Yaw joint of the manipulator, which is
responsible for rotation of the instrument about its axis, with an adapter that
enables instruments to be attached to the manipulator.......cccooveviniiceiiienenenen,

Quick-change adapter design. (a)-(e) Disposable retinal-surgery instruments
with adapters that enable quick-change mounting to the 6-DOF manipulator.
(f) Section view of a quick-change adapter attached to a diamond-dusted
scraper (DDS). (g) Section view of the yaw joint to which the instruments
with quick-change adapter are attached. ...

Actuation mechanisms for microforceps. (a) Section view of the Synergetics
microforceps actuated by a linear stepper motor. (b) Section view of the
Alcon microforceps actuated by a soft actuator. (c) Top section view of the
soft actuator. The paper sheath on the outer wall and the profile of the
inner wall only allow for expansion radially inward. (d) Side section view of
the soft actuator. The height of the channel is inversely proportional to the
maximum pressure required for actuation. (e) The maximum pressure required
for complete actuation and (f) the bandwidth (for a complete open-close cycle)
increases with d and the hardness of the silicone elastomer.......c.cccocvniiiiencninnene

Modified stylus for the Geomagic Touch. The pinch-grip mechanism from a
disposable Alcon microforceps is attached to the stylus shaft, and a spring
is used to recreate the stiffness of the microforceps’ pinch-grip mechanism.
A linear potentiometer is used to measure the squeezing of the pinch-grip
A T=Tod o =TT ] o TSRS OR PSSP

Phantom eye setup with artificial membrane used in experiments. (a) Section
view of phantom eye used. (b) A user performing telemanipulated surgery on
the phantom eye. A fiber-optic light is manipulated manually with the left
hand. (c) A paper membrane being peeled by an Alcon microforceps using
the retinal manipulator. (d) Snapshot from video demonstration of smooth
motion across a 1mm grid, with each subgrid measuring 100”m, and each
line having a width of approximately 8 m. (f) Typical upward peeling force
for the artificial membrane at different VelOCIti€S. ...

Results for Experiments 1 and 2. The maximum downward force (F-y),
completion time (Tc), and maximum upward force (F+y) for membrane peeling
with a microforceps are shown in (a)-(b), (c)-(d), and (e)-(f), respectively.
(9)-(h) shows maximum downward force (F-y) for the scraping task with a
diamond-dusted scraper (DDS). Data are divided according to subject, day,

and mode of experiment. Error bars indicate standard deviation between trials. 49

Experimental results for telemanipulated membrane peeling with a microfor-
ceps in the phantom eye for five subjects who have no experience performing
membrane peeling surgery. Blocks 1-3 are performed on Day 1 and Blocks
3-6 are performed on Day 2. Error bars indicate standard deviation between
L U OSSR
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Experimental results for telemanipulated membrane peeling with a microfor-
ceps in the phantom eye for subjects 1-5 combined. Blocks 1-3 are performed
on Day 1 and Blocks 3-6 are performed on Day 2. Error bars indicate standard
deviation DEIWEEN TrialS. ..o e

Membrane-peeling surgery. (a) Surgeons use a combination of three rotary
and one translational motions of the instrument to achieve the desired in-
strument motion inside the eye while trying to maintain the trocar point
stationary. Modified version of image courtesy James Gilman, CRA, FOPS.
(b) Membrane-peeling surgery as seen through a surgical microscope. Image
courtesy NIKhil Batra, M.D ...t

Experimental setup of the retinal-surgery system. The surgeon looks at the
phantom retina using a stereo microscope, and telemanipulates the end-effector
of the instrument using the PHANTOM Premium 6DOF haptic interface
under different software-controlled kinematics to interact with a force-sensitive
PRANTOM FEEINA. oottt bbb bt e e ne b ne e

Relation between end-effector and stylus orientations. (a)-(d) Illustration of
the end-effector at different target points on the retina. (e)-(h) Microscope
image of the phantom retina with the end-effector at different target points
as shown in (a)-(d), respectively. The black dots (~100"m) are the target
points to which the subjects move the end-effector, labeled in (f) and (h). The
haptic-interface stylus orientations are shown in (i)-(l) for the 4-DOF Virtual
Trocar kinematics, and in (m)-(p) for the 4-DOF Separable kinematics, for the
end-effector positions in (a)-(d), respectively; with the 6-DOF Underactuated
kinematics, the orientation of the stylus is controlled by the operator, and
hence not shown. The blue dot in the center of the gimbal indicates the point
on the haptic interface that is mapped to the end-effector of the manipulator
(i.e., the tip of the instrument), and the grey region indicates the gripping
ArEA ON The STYTUS ..o bbb e

Typical experimental trial. (a) Position of the probe-tip (solid red line) as
the subject telemanipulates it from point 3 to point 4 (blue crosses connected
by blue dashed line). (b) Corresponding force data from the phantom retina
segmented above and below the threshold fOrce......oiinini

Experimental results for all subjects and trials for d, dmax, — Fmax, T, and
Tnc for a given haptic-interface kinematics and motion direction. Error bars
indicate the 95% confidence interval on the Mean.......ccciiiiiini

6-DOF retinal manipulator. (a) Manipulator in its home position. (b) Coor-
dinate frames for the manipulator with DH parameters.......c.oeinininienicnnnne.

Kinematic conditioning for the manipulator. (a) k for the reachable workspace
on the surface ofthe retina. (b) Due to an algorithmic singularity at the trocar,
k reduces as the end-effector approaches the trocar.........ccineniiincieeeen,
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C.2

Images from a microscope for verifying precision. (a), (c), (e) Initial position of
the end-effector. (b), (d), (f) Position of the end-effector after two consecutive
movement commands of 100 microns and -100 microns at the end-effector along
the Y-axis. The blue mesh was superimposed by the microscope and have a
width of 1 micron. The red box was added to indicate that the position of
the end-effector before and after the movement command is within a micron
(Within the SAME DOX) .o e

Images from a microscope for verifying resolution. (a) Initial position of the
end-effector. (b) Position of the end-effector after 10 step commands. (c)
Position of the end-effector after another 10 step commands from the position
Of the end-effector IN (D) .
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CHAPTER 1

INTRODUCTION

Piezoelectric stick-slip actuators (PSSAs) are widely used in applications that require
micro- to nano-level precision because of their advantages such as very high resolution (<
1nm), high dynamic displacement range (cm-nm), and simple structure [1]. Commercially
available stick-slip actuators [2-6] have become the preferred method of actuation for
micro/nano-scale manipulation tasks inside a scanning electron microscope (SEM). To
minimize the size of manipulators with PSSAs, most manipulators do not have integrated
joint sensors. As a result, these manipulators are controlled in a very primitive manner,
typically using joint control where the operator turns knobs to control each joint of the
manipulator. The mapping between end-effector motion observed in a microscope image
and joint commands is not intuitive, especially in cases where the manipulators are mounted
on different stages at varying angles. Even simple manipulation tasks can often require up
to eight manipulators working in concert, which exacerbates the problem.

Prior research has focused on using external sensors for implementing closed-loop control
of PSSA-based manipulators [7,8]. Such methods require additional sensors that are not
easy to incorporate in SEMs, which are typically shared resources, and modifications to
SEMs are seldom allowed. We would like the human operator to telemanipulate PSSA-based
manipulators efficiently by looking at the image from a microscope, without requiring any
additional modifications to the system. To this end, we present an algorithm in Chapter
2 to implement rate control of the end-effector attached to a PSSA-based manipulator.
The algorithm uses open-loop models of the joints to obtain an estimate of joint positions,
and calculates joint commands based on a desired velocity input for the end-effector. We
discuss the efficacy of our algorithm for a telemanipulated micromanipulation task, and
analyze drift due to imprecise joint estimates.

Accurate models of the joints of PSSA-based manipulators are required to estimate
joint positions in the absence of sensor feedback. Mathematical models for PSSAs have

been developed in [9-12] for custom actuators developed in research laboratories. However,



these methods require knowledge of actuator-specific parameters that are not available
for commercially available PSSA-based manipulators. Chapter 3 describes methods for
empirically obtaining load-dependent open-loop models for the joints of a PSSA-based
manipulator. The proposed methods use measured data from the manipulators and can be
applied to a wide range of commercially available manipulators that lack sensor feedback.
These open-loop models can be used with methods developed in Chapter 2 for improving
efficiency of the rate-control algorithm.

Chapters 2 and 3 are aimed toward improving telemanipulation efficiency when using
PSSA-based manipulators for general micromanipulation tasks. However, we are particu-
larly interested in the use of these manipulators for retinal surgery, which has received little
attention. Characteristics such as high resolution, conditional backdrivability, small size,
and low weight are some of the desirable properties for a manipulator used in retinal surgery.
Surgeons typically work in a workspace of few millimeters, often operating on objects as
small as few micrometers. There is a risk of injury to vital structures due to involuntary
hand tremor and extremely low force tolerances (few mN), especially as fatigue sets in when
surgery is performed over a number of hours. Further, the surgeons have to compensate for
factors such as patient movement and operating in unintuitive frames of reference, similar
to what surgeons experience during laparoscopic surgery.

There are a number of fundamental problems with existing robot-assisted retinal-surgery
systems that do not address some of the major requirements of retinal surgery. EXisting
systems for retinal surgery are typically bulky table-mounted systems that use traditional
DC motors as actuators. Additionally, these systems are not backdriveable, which leaves
the patient’s eye, and potentially their skull, at risk in case of equipment malfunctions.
Chapter 4 describes the development and experimental evaluation of a novel telemanip-
ulation system for retinal surgery that capitalizes on the advantages of PSSAs. Of the
many systems designed for robot-assisted retinal surgery, only one other has considered a
PSSA-based manipulator [13], in spite of their desirable properties. Our system comprises
a compact head-mountable manipulator that uses commercially available PSSAs, and a
modified Geomagic Touch haptic interface that enables intuitive telemanipulation of the
end-effector attached to the manipulator. One of the most significant contributions of our
system relative to existing systems is that our system incorporates a quick-change adapter
that enables the full range of existing disposable retinal-surgery instruments to be utilized
with the manipulator.

Haptic interfaces with a variety of kinematics have been utilized for telemanipulating



retinal-surgery systems. Kinematics that mimic the orientation of the instrument in manual
retinal surgery were used in [14] and [15]. A master interface with underactuated kinematics
was developed in [16] for precision tasks in neuro- and retinal surgery, and the telemanipula-
tion system introduced in Chapter 4 locks the gimbal joint of the haptic-interface to enforce a
one-to-one mapping between the master and slave degrees of freedom. The data available in
the literature do not sufficiently justify the choice of a particular haptic-interface kinematics
over the others. Chapter 5 describes our work on comparing operator performance with dif-
ferent haptic-interface kinematics for a task that is representative of telemanipulated retinal
surgery. We find that the operators’ overall performance is best with the kinematics that
represent a compact and inexpensive option, and that the operators’ subjective preference
agrees with the objective performance results.

Recently PSSAs have been developed that have integrated joint sensors [6], which were
used in the manipulator introduced in Chapter 4. Adding joint sensors to the family of
manipulators similar to the Kleindeik MM3A [3] does not seem feasible because of their
small size and compact construction. Regardless, the methods developed in Chapters 2 and
3 will improve telemanipulation performance for PSSAs both with and without joint sensors.
For manipulators that have integrated joint sensors, such as the retinal-surgery manipulator
used in Chapters 4 and 5, the joint sensor data eliminate any drift in the position due to
the inaccuracies in the open-loop models. Accuracy of the open-loop models used certainly
affect the closed-loop response of the actuators.

During the course of this work, a number of valuable lessons were learned regarding
the efficacy of robot-assisted retinal surgery. Based on these lessons, recommendations are
made for future work in Chapter 6. Finally, appendices are included that give additional

details of the retinal-surgery telemanipulation system.



CHAPTER 2

TOWARD INTUITIVE TELEOPERATION
OF MICRO/NANO-MANIPULATORS
WITH PIEZOELECTRIC STICK-
SLIP ACTUATORS

The work in this chapter was presented by Manikantan Nambi at the 2011 IEEE/RSJ
International Conference on Intelligent Robots and Systems in San Francisco, CA, USA,

and was published in [17]. It is included here without modification.



2.1 Introduction

W ith visualization from scanning and transmission electron microscopes (SEMs/TEMs),
as well as light microscopes, researchers are able to conduct experiments and construct
devices with a precision of only a few nanometers. State-of-the-art micro/nano-manipulators
currently enable: manipulation and isolation of individual nanomaterials and nanostruc-
tures for imaging and analysis, 3D construction and characterization of MEMS/NEMS,
failure analysis in semi-conductor fabrication, and surgery on individual cells [18-20]. The
development and use of commercial manipulators like the Kleindiek MM3A [3], the Zyvex
Nanomanipulator [2], Imina Technologies miBot [4], and the Attocube Nanopositioners [
has increased with the demand for precise standardized tools for micro/nano-manipulation.

Among the limited range of actuators available, piezoelectric stick-slip actuators have
become the foundation of modern micro/nano-manipulation (Fig. 2.1). They have a very
simple structure, high positional accuracy, unlimited movable distance, and have high
stability and stiffness as they are supported by guiding surfaces [1]. These actuators consist
of a piezoelectric element and a sliding mass that moves relative to the piezoelectric element.
They have two modes of operation, namely the fine mode and the coarse mode. In the fine
mode, used to achieve the highest resolution possible, a slowly varying voltage is applied
to the piezoelectric element resulting in a stretch, and friction between the piezoelectric
element and the sliding mass causes the mass to move continuously with the piezoelectric
element. In the coarse mode, used to take relatively large discrete steps, the applied voltage
is quickly reversed after the initial stretch, resulting in a net displacement of the sliding
mass relative to the piezoelectric element, as depicted in Fig. 2.1.

Rate control, which allows a user to command the end-effector of a manipulator at a
desired speed and direction by coordinating the motion of the joints, has been known to the
robotics community for decades, yet micro/nano-manipulators are operated in an inefficient
open-loop manner using individual joint control (e.g., one knob per joint), ultimately due
to the lack of sensor feedback at the joints. It is not always clear what combination
of joint commands will lead to a desired end-effector movement from only a microscope
image. In addition, manipulators are often mounted on moving stages and on different
surfaces at varying angles. The user observing the end-effector of such a manipulator
under a microscope has to perform the difficult task of mapping the image frame to
his/her egocentric frame of reference. Use of multiple manipulators further complicates the
situation. Thus, micro/nano-manipulation is currently unintuitive and time consuming.

Closed-loop control of micro/nano-manipulators using sensory data in real-time is chal-
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Figure 2.1. Functional description of a piezoelectric stick-slip actuator. A saw-tooth
voltage is applied to the piezoelectric element. As the voltage slowly increases from 1to 2,
the piezoelectric element stretches by a distance D, and due to stick-slip friction between
the piezoelectric element and the sliding mass, the sliding mass also advances. When the
voltage is quickly reduced from 2 to 3, the piezoelectric element quickly shrinks, but the
inertia of the sliding mass prohibits it from moving backward as quickly, resulting in a net
forward displacement of the sliding mass of d < D.

lenging due to difficulty in getting real-time nanoscale visual and force feedback [20].
A number of different feedback control schemes such as voltage/frequency control [21],
hybrid control [22], and sliding mode control [23] have been implemented for stick-slip
actuators. Others have utilized vision feedback from SEM [7] and optical-microscope [§]
images. Saeidpourazar and Jalili [24], [25] developed an adaptive controller to estimate
the parameters of the manipulator on-line, and fused visual servoing and force feedback
to enable closed-loop automatic control of the MM3A. Although using vision feedback has
been shown to be successful for micro/nano-manipulation, it might not be feasible for many
end users who work on shared SEMs, requiring them to book and pay for usage time. It
can be difficult to implement a vision system on a shared SEM, owing to their high cost
and sensitive nature.

The goal of our research is to enable teleoperated rate control of micro/nano-manipulators
without relying on any feedback from the vision system, other than the human user looking
at the microscope image. Specifically, we would like to 1) empirically model micro/nano-
manipulators so that reliable position estimates can be obtained in the absence of feedback,
2) develop methods to calibrate the micro/nano-manipulators in situ to reduce modeling
errors that can be introduced due to changes in environmental conditions or applied loads,
3) develop control methods to move the end-effector using position estimates obtained from
the aforementioned models, and 4) develop methods to mitigate drift due to joint-estimate
errors. In this paper, we focus exclusively on the coarse mode of operation.

Accurate modeling of piezoelectric stick-slip actuators is not a trivial task as they are
known to suffer from nonlinearities such as hysteresis, creep, and drift, which degrade their

performance. These actuators are also susceptible to environmental changes. However, a



number of studies on piezoelectric drives have shown that it might be possible to reliably
model these actuators. Peng and Chen [11] developed a model to explain the effect of
end-effector masses on their stick-slip actuator. Lockwood et al. [12] found that when
gravitational force was acting parallel to the axis of their stick-slip actuator, the step size
and corresponding displacement rate in the ‘downward’ direction was observed to be 14.7%
greater than in the ‘upward’ direction. Inertial drives developed at ETH Zurich were found
to have open-loop error of less than 1% [26]. In a study most closely related to ours, Tonet
et al. [27] studied different strategies for time-delayed teleoperation of systems using an
MM3A, under direct vision feedback. They used incremental position control for master-
slave coupling; in their variable step amplitude strategy, which allowed for the greatest
precision, the user sacrificed control of the manipulator once a command was sent to the

manipulator, losing the ability to correct for error in position attained by the manipulator.

2.2 The Impulsive Manipulator Jacobian

Micro/nano-manipulators such as the MM3A are kinematically no different from tradi-
tional robotic manipulators; we can relate joint movement to end-effector movement through
a configuration-dependent manipulator Jacobian J (q) as x = J (g)q, where q is the vector of
joint positions, x is the position of the end-effector, and the “dot” indicates a time derivative.
For a desired end-effector movement Xd, we can simply command the joints to move as
g = J-1(q)Xd, assuming the Jacobian is invertible. However, this method makes two critical
assumptions that are potentially invalid in the case of micro/nano-manipulators. First,
although the form of the Jacobian can be found analytically, its calculation is dependent on
knowledge of the current configuration, and commercial micro/nano-manipulators are not
equipped with sensor feedback of the joint positions. Second, the discrete stick-slip nature
of the piezoelectric actuators, combined with the lack of sensor feedback, makes directly
controlling the velocity of each joint, g, challenging.

Dynamically, a serial-link micro/nano-manipulator such as the MM3A has the same

governing Lagrangian dynamic equation as a traditional robotic manipulator:
M(g)<f+ C(q.9)q + G(q) - IT()f = T (2.1)

where M(q), C(qg, q), and G(q) are configuration-dependent inertia, Coriolis, and gravity
matrices, respectively, fq is any load applied to the end-effector, and dris the vector of joint
torques/forces. This equation is useful to control traditional robotic manipulators, where
we have control over joint torques. However, in the case of micro/nano-manipulators,

we can only command discrete steps. Because (2.1) is still a valid dynamic equation, the



configuration-dependent matrices M(q), C(q, q), and G(q) affect the end-effector’s movement
during a single discrete step, but how they affect the movement is currently unknown.

Experiments indicate that the average step size of the actuators is affected by inertial
load (m), static loads (g), and environmental factors. We hypothesize that a function
Y can be constructed for a given joint that maps the above factors to a joint step size
Aq = y(m,qg, a, 5), where a is the set of joint-specific parameters to be determined through
calibration. The values m and g can be taken from the appropriate entries from M and G
in (2.1). The average step size can be a function of the number of steps commanded if they
are commanded too quickly to be considered independent, so Y is a nonlinear function of 5
in general.

For very small steps, the Jacobian can be approximated as AX = J(q)Aq, where small
joint steps Aq lead to small end-effector steps AX. Using an open-loop model y for each

joint, we can relate the joint step size of the manipulator to the joint step commands as
Aq =r1(M (q),G(a).A, 55 (2.2)

where the matrix r is diagonal with the ith element being the function y described above
for the ith joint, and the vector 5 contains the integer number of steps commanded to each
joint, with sign indicating direction. The relationship (2.2) assumes that the joint step
commands are given sequentially. Finally, an impulsive manipulator Jacobian J$ is formed
as

AX = J(q)r(M (9),G(q),A,5)5 = J& (2.3)

The result is an open-loop model relating impulsive joint step commands to movements of

the micro/nano-manipulator in both joint space and Cartesian space.

2.3 Rate-control Teleoperation

When operating under a microscope, only a magnified view of the end-effector is visible
to the user. We would like the user to be able to command a desired velocity to the
end-effector (both direction, and magnitude within bounds) using only what can be observed
in the image. We would like the actual velocity to be as close to the intended velocity as
possible, but hypothesize that humans will be able to account for small errors with limited
cognitive load [28]. We would like the discrete-step nature of the controller to be transparent
to the user. To realize this goal, we propose a rate-control method that handles the step
commands for the user, based on commanded end-effector velocity.

Algorithm 1 shows the basic steps for the proposed method. The algorithm is called in

a continuous loop by the software controlling the manipulator, which we assume is running



with a constant time step of At seconds. The algorithm takes the desired input velocity
(Xd) commanded by the user (e.g., from an input device such as a joystick) and returns the
number of steps (5) to be taken at each joint during the current cycle. Starting from current
estimates of end-effector position X and joint-configuration g, a proxy point (p) is projected
away by a distance XdAt, giving the desired end-effector location. The number of steps that
the manipulator should take to reach the proxy is then calculated as 5real by inverting the
impulsive manipulator Jacobian. However, the result is a vector of real numbers that must
be converted to an integer number of steps to be commanded as 5; we simply round to the
nearest integer. This rounding step implies that we will never perfectly attain the desired
proxy position. The estimated final joint configuration (gf) is then calculated based on the
steps actually commanded, and the final end-effector position (Xf) is estimated using the
manipulator’s kinematic model. Finally, the current estimates of end-effector position and
joint configuration are updated for the next cycle. The algorithm sequence as given assumes
that r is not a function of 5; if it is, then lines 4-8 must be called iteratively from an initial
guess of 5 until it converges.

We have also explored an alternative to the basic algorithm, which we will call Algorithm

2. It is identical to Algorithm 1, except that Line 2 is replaced by
q = q + XdAt (2.4)

Algorithm 2 maintains memory of the proxy position from the last cycle, which can be

beneficial considering that the previous desired proxy position was not perfectly attained.

Algorithm 1 Proxy-based rate control without memory

I read Xd

2 p = X+ XdAt

3 AX=p—X

4 r = computer(M(q), G(q),A, 5
5 J = computel(q)

6 J-=1Jr

7. Sreal —Jj AX

8 5 = round(5real)

9 Aq = r5

10: gf = g + Aq

11: Xf = forwardKinematics(qf)
12 X = Xf

13: q= af

14: return 5
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Fig. 2.2 shows the simulation results for a 2D task in a horizontal plane for both
algorithms applied to the MM3A. A 2D task in the horizontal plane can be performed
by actuating joints 1 and 3, and fixing joint 2 at g2 = —n/2 (i.e., outstretched as shown
in Fig. 2.3); the kinematics of the resulting 2-DOF manipulator are trivial to compute,
and are omitted here. For this simulation, the initial position Xi is computed for the joint
configuration q = [0,—n/2,0]T. The desired target position Xt to be reached by the user is
set at a distance of 50"m from the initial position at an angle of 30° from the x-axis. In
our simulation, we assume an ideal human operator that is trying to reach Xt at a rate of
0.1 mm/s, and that always points the desired velocity of the end-effector perfectly from the
current end-effector location toward Xt. The simulation is stopped when the error between
Xand Xt is less than 5*m. We are assuming the model of the micro/nano-manipulator to be
perfect in this simulation, but in reality, the actual position observed under the microscope
will be different from that estimated; this issue will be discussed subsequently.

For some low velocities, Algorithm 1 shows a drift as can be seen in Fig. 2.2. Because the
algorithm updates the proxy from the end-effector's current position, at low velocities, it
decides that taking a step along the x-axis and no step along the y-axis is the best solution

for many cycles. This is due to the rounding of 5reai to 5, and is a function of the end-effector

X (mm)

Figure 2.2. Simulation results for Algorithms 1 and 2 implemented on an MM3A, for
a 2D task in a horizontal plane. At each instant, the user commands the end-effector to
move from its current location toward Xt at 0.1 mm/s. A line joining Xi and Xt is shown for
reference. The step-size model used has 71 = 60”rad and 73 = 0.8 *m, where 71 and 73 are
diagonal elements of r. Inset shows the top view of the MM3A with its workspace in the
horizontal plane used in simulation.
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Figure 2.3. Experimental setup. A tungsten probe with a tip diameter of 1*m is attached
as an end-effector. The NanoControl unit is shown in the inset.

step AX caused by each joint. As the direction of commanded velocity is updated by the
ideal operator, at some point, the error along the y-axis will be high enough for the algorithm
to command movement in that direction. In Algorithm 2, because the proxy is updated
from its previous position, it acts as memory of the previous error between commanded and
actual velocity and is able to compensate for this error. Algorithm 2 appears to have better
performance than Algorithm 1, but this is due to the target position being stationary. If
we assume that the period At is small compared to human bandwidth, then Algorithm 2 is
likely to give desirable performance even if the desired target Xt is changing. A high value of
At would cause larger deviations of the end-effector from the desired path and could result
in unstable behavior as the operator tries to overcorrect for the deviation. If the commanded
velocity is below a certain threshold, then Algorithm 1 will result in no movement of the
end-effector with no error accumulation, but using Algorithm 2 will cause the proxy to keep
moving until sufficient distance has been generated such that the end-effector can take a

step toward the proxy; whether or not this property is desirable requires further research.

2.4 Experimental Methods
2.4.1 Apparatus
2.4.1.1 MM3A manipulation system
The Kleindiek MM3A manipulation system consists of the MM3A micromanipulator and
the NanoControl (NC) unit (Fig. 2.3). The MM3A manipulator has a RRP configuration
with two rotary (R) and one prismatic (P) joint. The MM3A has two modes of operation,
the fine mode and the coarse mode, which enable it to achieve high resolution of up to

0.25 nm for the P joint and 10-7 rad for the R joints in the fine mode, and high speeds of
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up to 10 mm/s in the coarse mode.

The NC unit is used to command control signals to the MM3A. It has a four knobs, three
of which are used to control the individual joints on the MM3A in both the fine and the
coarse mode. The number of steps to be taken by a joint for a turn of the knob can be set in
the NC unit. Commands can also be sent to the NC unit via a serial port as a string of the
form “Mode 5 Joint”, where mode is either ‘coarse’ or ‘fine’, “5” is an integer value which
specifies the number of steps to be taken in each command with sign indicating direction,
and “Joint” is either “A”, “B”, or “C” corresponding to joints 1, 2, and 3, respectively.
Only one joint can be controlled by the NC unit per command. Hence, three commands

have to be sent sequentially to control the three joints of the MM3A.

2.4.1.2 Vision System

A Basler A601fc firewire camera with a VZM 450i zoom lens is used to obtain position
information for experiments herein (Fig. 2.3). The VZM 450i has a primary magnification
of 0.7x - 4.5x, with a respective field view of 12.0mm - 1.9 mm. The Basler A601fc has a
resolution of 659 x 491 pixels with a maximum frame rate of 60fps. The vision system has
a resolution of 10"m at a magnification of 1x for the lens. An LED backlight was used as

the primary light source for the vision system.

2.4.1.3 Software

A custom GUI program developed in C++ using the Qt 4.6 ui framework and OpenCV
vision library was used to collect calibration data and implement teleoperation. The
program communicates with the NC unit using serial communication. Once a command is
sent to the NC unit, the software waits for feedback from the NC unit, which indicates the
execution of a command. Audio inputs are taken from a microphone and the Fast Fourier
Transform (FFT) of the audio signal is computed for the calibration method described
below. Counters are used to keep track of the number of commands (n) commanded to
each joint, and the total number of steps along a joint is given by _’\n 5jl.

OpenCV library is used to capture frames from the camera e;t a rate of 60 fps, and
a blob-detection algorithm is run to track the tip of the tungsten probe attached to the
manipulator in real time. Commands for a single joint are given to the NC unit at a rate of
100 Hz. The program was run on a Dell Optiplex computer (2 Ghz Dual Core, 2 GB ram)
running the Ubuntu 10.04 operating system.
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2.4.2 Calibration
To use the impulsive manipulator Jacobian, we need accurate knowledge of r, which
relates joint step commands 5 to the joint step size Agq. A deterministic r would result in
the best performance for the algorithms in Section 2.3, but due to uncertainty in the step

size and lack of sensor feedback in the MM3A, we calculate the average step size as:

where Yi is the average step size for a joint i, Ri is the total range of motion for joint i
(4n/3rad for joints 1 and 2, and 12mm for joint 3), and 5t, is the total number of steps
required to travel across Ri: 5ti = |5|n, where n is the number of commands given to a
joint at 5 steps/command.

The displacement of the end-effector for a single step along a joint is so small that it
is not visible to the naked eye. Hence, it is not possible to visually detect that a joint has
reached the limit of its joint space. However, there is a perceptible change in sound made
by the manipulator when a joint of the MM3A hits a mechanical stop as it reaches the
limit of its travel, and the software detects this intensity rise in the FFT of the audio signal
(captured by the microphone) at a frequency of 2.7kHz. This property was used to develop
an audio limit switch that enables us to accurately detect the end of travel for a joint. The
change in intensity of the FFT has to be tuned for each joint.

The values of Yi are measured before the start of an experiment to reduce the effect of
environmental changes, as there is a significant change in step size from day to day. As
the experiments in this paper are performed in a horizontal plane using joints 1 and 3,
only yland Y3 are measured. Joints 1 and 3 are moved across R1and R3 by commanding
a single step (5 = 1) in each command, and 5t,1 and 5t,3 are obtained. r is constructed
by substituting the diagonal elements r 1 and r 3 with Y1 and Y3. Two different step size
models Y1and Y1(q3) were evaluated. For the constant value of Y1, g3 is kept at zero. Y1(g3)
takes into account the increase in inertial load on joint 1 due to the position of joint 3. To
determine the effect of increase in inertial load, the number of steps required by joint 1
to travel across R1 with g3 = Omm and g3 = 12mm are determined as 5t,10 and 5t,112,
respectively. The step size function Y1(q3), which gives a configuration dependent step size
for joint 1, is then calculated using linear interpolation as:

R1 (2.6)
Before starting an experiment, each joint is driven along the full range of its motion three

times to reduce any warming effect that might be present in the actuators.
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2.4.3 Experiments

Experiments were designed to test the effectiveness of the proposed method with the
MMS3A. For this purpose, a 2D task was performed in the horizontal plane using joints 1 and
3, with the simulated ideal human operator driving the manipulator from the initial position
(Xj) to the desired target position (Xt) (Fig. 2.4). At the start of a trial, the initial position
(Xj) is computed for the joint configuration q = [0, —/2,0]T. In the initial position, a step
along joint 3 leads to tip movement along the x-axis and a step along joint 1 leads to tip
movement along the y-axis. The desired target position (Xt) is set at a distance of 4 mm
from Xj, at different angles of d = 0°, 30°, 60°, and 90° from the x-axis. The ideal human
operator is given the position of the tip (i.e., the end-effector) from the vision system, so
that it can always point the desired input velocity (Xd) towards Xt. The number of steps to
be taken by the manipulator 5 in each cycle is then calculated using Algorithm 2, and a set
of two commands corresponding to joints 1 and 3 are sequentially sent to the NC unit with a
period of 0.01 s between commands. As the ideal human operator is continuously correcting
Xd to point towards Xt, the tip will always reach Xt. However, the estimated position Xf will
be different than Xt because of modeling errors. Trials are conducted with the ideal human
operator commanding two different velocities of |[Xd = 0.05mm/s and 0.5mm/s. At the
end of each trial, the position of the tip is manually reset to Xj. Five trials are conducted for
each |Xd| and d value. Due to limitations in the speed of serial communication and the time
taken for executing a coarse step by the manipulator, a maximum of 24 coarse steps can
be commanded to the manipulator along a joint when using a rate of 100 Hz. Hence, the
maximum magnitude of velocity that can be achieved by the manipulator at any instant,
at any point in the 2D workspace under consideration, is limited by the maximum value of

247mjn, where ymjn is the average step size of the joint with smaller end-effector movement

(a) . (® o

Xi Xi

Figure 2.4. Experimental results, corresponding to the simulation of Fig. 2.2. (a)
Screenshot of the camera-image display on the GUI with the end-effector moving at
Xd = 0.5mm/s. (b) Screenshot of the display after applying blob detection algorithm.
The medium circles indicate the initial (Xj) and desired positions (Xt) at the start of a trial.
The large circle indicates the probe tip as seen by the vision system and the small circles
show the history of estimated positions during the trial.
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for a single step. The experiments were carried out for the two step size models 71 and

Y ife)-

2.5 Results and Discussion
As a metric to quantify the error in our step-size models, we use the relative error in
the estimated position defined as:

E [xf - x4 5273
Er = ke !

where xf is the estimated position of the end-effector and xt is the target position (and
actual position, within the convergence criterion) reached by the end-effector in a trial. Er
gives the relative error between the actual and estimated position of the end-effector with
respect to the total displacement.

Fig. 2.5 shows experimental results for Er plotted against d, for different values of |xd|,
for step size models Y1 and 71(g3). Er seems to increase with an increase in |[xd|. A higher
value for Er at a velocity of 0.5 mm/s can be explained by the fact that the models 71
and 71(q3) were measured at 5 = 1. At |xd| = 0.05mm/s, 5 commanded to each of the
joints is at most 1, while at |xd| = 0.5 mm/s, value of 5 commanded to each joint is much
higher than 1. As 5 increases, there is significant change in the step size and hence, higher
velocities lead to a higher value for Er.

71(q3) seems to be a better predictor of step size than 71 at |xd|=0.05 mm/s. For

stick-slip actuators, we would expect that an increase in inertial load would increase the

0 30 60 90
0 (deg)
Error Bars: +/- 1 SE

Figure 2.5. Experimental results for Er. The step size models used were Y1 = 68”rad,
71(93) = (14688 —171g3)-1 ~rad, and 73 = 0.77"m.



16

efficiency of the stick-slip phase and result in an increase in step size. We observe this
behavior for joint 1 at 5= 1 and 5= 2, but at values of 5 > 2, this effect is reversed and
inertial load seems to reduce the step size. This results in degraded performance for model
Y1(q3) at high velocities.

Er has a maximum value of around 20% for velocities considered in this paper, which
corresponds to a maximum error of about 20% in the joint estimates. Unless we have a
perfect model of the manipulator, the error in joint estimates will accumulate over time
resulting in an unintuitive response from the system for a given user input. From the
experiments conducted herein, we know that even with an error of 20% in the joint estimates
the ideal human operator is able to position the end-effector within 1pixel of the desired
target position in a stable manner. It was observed that even if the joint estimates were
always set to the initial joint configuration (i.e., the joint estimates were not updated), the
ideal human operator was able to position the end-effector accurately with no visible drift in
the path taken by the end-effector as compared to the path taken when the joint estimates
were being updated. When the joint estimates are not being updated, there would be no
drift in joint estimates, but an error in the estimated Jacobian (maximum of 8% for the
workspace used) due to the error in the joint estimates would result in an error in the velocity
actually achieved by the manipulator. The fact that the ideal human operator is able to
position the end-effector accurately means that this error in velocity is relatively low, and we
believe that a human operator should also be able to compensate for small errors in velocity.
Thus, in small workspaces typically encountered in micro/nano-manipulation, drift in joint
estimates can be avoided by setting the joint estimates to a fixed known configuration. In
the future, we would like to develop drift-mitigation techniques that would allow the human
operator to use the manipulator for long periods of time without the need for recalibration.

The ideal human operator has infinite visual resolution and no processing time delay.
However, this is not true of a real human operator. Thus, stability of our method has to be
tested with human subject tests.

From step-size measurements recorded under different loading conditions and orienta-
tions for the joints, we know that there is a significant effect of inertial loads, static loads,
and 5 on the step size. The step size for joint 3 was found to vary by more than 50% when
gravity was acting along the axis of the joint. However, the trends in step size are highly
repeatable, which tells us that a model of the manipulator joints of the form of (2.2) can
be developed. Additionally, the current calibration routine for joints 1 and 3 are run at

5 = 1, which takes about 25 minutes to complete. Using a model that takes into account
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the effect of 5 would allow us to perform the calibration routine in a shorter period of
time by using a higher value for 5 during calibration. We would like to develop efficient
calibration techniques that would take advantage of the observed trends in step sizes and
enable us to obtain a complete open-loop model of the manipulator with a minimum number

of measurements.

2.6 Conclusions
In this paper, we have presented a rate-control teleoperation method for control of
manipulators using stick-slip actuators. The formulation of an impulsive manipulator
Jacobian was explained, which enables us to use open-loop models of the manipulator
to solve for the input number of steps required by the manipulator for a desired end-effector
movement. Experimental results quantifying the effectiveness of the proposed methods
were presented. We found that effective teleoperation is possible despite inaccurate joint

measurements, and we discussed ways to minimize errors.



CHAPTER 3

AN EMPIRICAL STUDY OF STATIC
LOADING ON PIEZOELECTRIC
STICK-SLIP ACTUATORS OF
MICROMANIPULATORS

The work in this chapter was conducted by Aayush Damani and Manikantan Nambi,
who contributed equally. It was presented by Manikantan Nambi at the 2012 International
Symposium on Experimental Robotics in Quebec City, Canada, and was published in [29].

It is included here without modification.
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3.1 Introduction

Micromanipulation deals with small motions on the order of 10-3 to 10-6 m. Under the
guidance of electron and optical microscopes, micromanipulation is now commonly used
in the areas of MEMS construction and characterization, isolation and characterization
of individual materials, and manipulation of single cells. The development and use of
commercial manipulators like the Kleindiek MM3A [3], the Zyvex Nanomanipulator [2],
Imina Technologies miBot [4], SmarAct Actuators [6], and the Attocube Nanopositioners [5]
has increased with the demand for precise standardized tools for micromanipulation.

Piezoelectric stick-slip actuators have become the foundation of modern micromanipula-
tion due to their simple structure, high positional accuracy, unlimited movable distance, and
high stability due to support by guiding surfaces [1]. Due to their useful characteristics,
these actuators have been extensively used in manipulation of micro/nano-sized objects,
medical devices, camera lens actuation systems, and in bio-sciences [30,31]. These actuators
consist of a piezoelectric element and a sliding mass that moves relative to the piezoelectric
element (Fig. 3.1). Typically, these actuators have no sensor feedback (with the exception of
SmarAct Actuators [6]), and hence, the individual joints of the manipulators are controlled
open-loop, using one knob per joint. Due to difficulty in implementing real-time closed-loop
controllers (which are generally based on vision feedback [8, 32]) for micromanipulators,
methods to control them open-loop that capitalize on the intelligence of the human user
are being developed [27,33]. The utility of such methods depends directly on the accuracy
of the open-loop models of the manipulator used.

Modeling of piezoelectric actuators is not a trivial task as they are known to suffer from
nonlinearities such as hysteresis, creep, and drift, which degrade their performance [23,34,
35]. A number of researchers have mathematically modeled the dynamics of piezoelectric
stick-slip actuators [9, 10]. Peng et al. [11] used a pre-sliding friction model to explain
the dynamics of stick-slip actuators, and obtained an empirical model for the effect of
end-effector mass on the step size of the actuator. Lockwood et al. [12] found that when
gravitational force was acting parallel to the axis of their stick-slip actuator, the step size
and corresponding displacement rate in the downward direction was observed to be 14.7%
greater than in the upward direction. Thus, it is known that static (i.e., noninertial) loads
in the direction of motion of the actuator increases the step size and vice-versa. However,
this effect has not been well characterized in the past.

In this paper, we study the effect of static loads on a prismatic and a rotary piezoelectric

stick-slip actuator, obtain an empirical model relating the step size to the load, and develop
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Figure 3.1. Functional description of a piezoelectric stick-slip actuator. A saw-tooth
voltage is applied to the piezoelectric element. As the voltage slowly increases from 1 to
2, the piezoelectric element stretches by a distance D, and due to friction between the
piezoelectric element and the sliding mass, the sliding mass also advances (stick phase).
When the voltage is quickly reduced from 2 to 3, the piezoelectric element quickly shrinks,
but the inertia of the sliding mass prohibits it from moving backward as quickly, resulting
in a net forward displacement of the sliding mass of d < D (slip phase). This is also known
as the coarse mode of operation of the actuator. In the fine (traditional) mode, the voltage
signal between 1 and 2 is controlled to achieve fine positioning.

a method to calibrate the parameters of the empirical model using measurements from
the actuators. The modeling experiments presented herein were performed for the coarse
(stepping) mode of operation of the actuator (Fig. 3.1). The empirical models derived
can be used with algorithms developed in [33] to perform intuitive teleoperation of the
micromanipulator’s end-effector, rather than controlling individual joints. With piezoelec-
tric stick-slip actuators, the step size is stochastic, with a hard-to-model variance about a
load-dependent mean. The method presented in this paper deals with modeling this mean.
The method is primarily designed to provide an accurate estimate of the size of the next
commanded step, such that a user’s desired motion command can be accurately mapped
to a required number of joint steps. Having a more accurate model of joint stepping could
also lead to a method to estimate the joint configuration in manipulators without joint
sensing, but such estimation methods would be subject to drift, and as such would need to

incorporate additional sensing methods to be useful in practice.

3.2 Technical Approach
The commonly used Kleindiek MM3A manipulator is used in this study (Figs. 3.2 and
3.3). It has three degrees of freedom (DOF) with two rotary joints and one prismatic
joint, which use piezoelectric stick-slip actuators. Due to the discrete step nature of these
actuators, as well as the MM3A’s controller, commands are given in the form of number of
steps to be taken along a given joint. The joints of the MM3A lack sensor feedback, hence,
it is difficult to obtain accurate measurements of the step size. To study the effect of static

loads on the step size of a joint j, we use the average step size given by:
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Figure 3.2. Kleindiek MM3A. With the z0 axis initially vertical, the base frame is rotated
by d about x0 and then rotated by * about the new y0. (a) Isometric view at d = 90°. No
gravitational loads acting on joints 2 or 3. (b) Side view at d = 0°, with gravitational loads
acting on both joints 2 and 3. Z= " —q2.

() ©

Figure 3.3. The Kleindiek MM3A manipulator is shown at different orientations. (a)
g2= —n/2,d=0,and » = 0(b) g2= —n/2 and » = 0 at a particular d (c) g2= —n/2 and
d = 0 at a particular ~.
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where Rj is the total range of joint j (4n/3rad for the rotary joints and 12 mm for the
prismatic joint), Njl is the total number of steps required by joint j to travel through Rj,
and i e {+, —%} indicates the direction of joint motion.

As the step size for each joint is small (on the order of 1*m), it is difficult to visually
detect when a joint reaches its end of travel. However, the actuators make a distinct noise
when they hit a mechanical stop. This knowledge is used to develop an audio limit switch
that detects the end of travel for a joint. Custom software monitors the sound from a
microphone at each instant and computes the Fast Fourier Transform (FFT) of the audio
signal. The change in sound when a joint hits a mechanical stop is detected as a peak in
the power of the FFT. The frequency at which this peak occurs, and the intensity of the
peak, is different for each joint and has to be tuned before each experiment.

By measuring j at different configurations of the manipulator, we study the effect of
gravitational loads on the rotary and the prismatic joint (no other external forces are acting
on the manipulator). Because an individual joint cannot distinguish a gravitational load due
to the distal links from an equivalent load due to a force applied at the end-effector (passing
through the manipulator’s Jacobian), our results generalize to all static (i.e., noninertial)
loads. Nonlinear regression is used to fit a function, based on our knowledge of the load
acting on the actuator, to the empirical data, to obtain a relation for the step size of the
form 7j1 = rjl(g, ajl), where ajl is a set of actuator specific parameters, and g is the gravity
vector. The actuator specific parameters ajl of the model are then calibrated for by using
Yjl measurements at selected configurations for each joint. Significance of unmodeled factors
such as change in environmental conditions from day to day are analyzed by performing

ANOVA on the data obtained forj .

3.3 Results
This section contains the main empirical modeling results of this paper. The experiments

that were conducted to obtain these results are detailed in Section 4.3.

3.3.1 Effect of unmodeled factors
Environmental conditions (e.g., temperature, humidity) are uncontrolled in our experi-
ments, so we will not incorporate these factors into our model (although it is possible that
they could be incorporated in the future [36]). To minimize these unmodeled effects on

the open-loop control of the Kleindiek MM3A, we propose to calibrate the joints before
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each session of use. This assumes that there is a significant change from day to day
that warrants such recalibration. To substantiate this claim, the average step size for
prismatic joint 3 and the rotary joint 2 in the positive (y3+ and y2+) and negative (y3-
and y2-) directions were taken on two different days, which would incorporate a change
in environmental conditions. The positive direction for the prismatic joint means moving
out from Omm to 12mm as defined by the z2 direction. For the rotary joint, the positive
direction is defined by the right-hand rule about the zi axis. For the prismatic joint, the
configuration of the manipulator was kept constant at g2 = —n/2, d = 0, and ~ = 0 on
both days, and three readings each of the step size values y3+ and y3- were taken on each
day. For the rotary joint, y2+ and y2- was recorded at g3=0mm, d = —n/2, and * = 0. In
these configurations, there is no effect of gravity on the joint being investigated, isolating
the unmodeled factors of interest.

An ANOVA test on the data shows that the difference in step size on different days
is statistically significant (p < 0.05) for both positive and negative directions for both the
prismatic and the rotary joints. The ANOVA test also shows a significant difference in the
step size between the positive and negative directions within a given day for both joints.
Thus, calibration is recommended each time the manipulator is to be used, and different

calibration parameters should be found for each direction of motion.

3.3.2 Modeling of a prismatic joint
Fig. 3.4 shows the results for the modeling experiments on the prismatic joint. The
gravitational load on the prismatic joint is varied by changing the angles g2, d, and  (see
Fig. 3.2). Curve 1 in Fig. 3.4a shows y3+ recorded at d = —n/2 such that there is no
load due to gravity along the joint regardless of g2. At g2 = —n/2 on curve 1, the entire
structure of the manipulator is aligned with the axis of the prismatic joint, absorbing the
recoil caused due to the quick stepping nature of the actuator, resulting in a maximum

value for y3+. The result from curve 1 is converted into an efficiency factor as:

ni(g2) = 1 —bhj| cos g21 (3.2)

Joint 3 has a maximum stepping efficiency of 1 at g2 = —n/2. The reduced step size (i.e.,
the reduction in stepping efficiency) at values of g2 other than —n/2 is likely due to the
component of the recoil force of the actuator acting perpendicular to the link connecting
joint 1 to joint 2 causing a small deflection in the link (which is not infinitely rigid). This

effect is captured by the |cos(g2)| term in ni(g2). The free parameter bj captures the loss of
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Figure 3.4. (a) Experimental data for the step size of the prismatic joint (73i) as a function
of Z, plotted at d = 0 and —n/2, with data recorded on three different days. (b) Model
equation fitted to experimental data for a single day (Day 1) at d = 0 and —n/3, with 0 = 0.
Calibrated parameter values of a+ = 972, b+ = 0.27, ¢+ = 372, a_ = 899, b_ = 0.25, and
c_ = —436 were found using the three calibration configurations described in the text.

stepping efficiency when the prismatic joint is fully perpendicular to the maximum-efficiency
configuration.

To isolate the effect of gravity without any loss of stepping efficiency due to recoil, g2 is
fixed at —n/2 such that the manipulator arm is always outstretched, and the gravitational
load is changed by varying 0 ; results of this experiment are shown by curve 2, which is
the pure effect of gravity on 73+. Results for Y3_ are similar to 73+, but mirrored about
Z = n/2 as can be been from curves 3 and 4 in Fig. 3.4a, indicating that moving joint 3
outward with Z= 0 is equivalent to moving joint 3 inward at Z= n.

We hypothesized a model that combines the information in curves 1 and 2 as:

Y3i = ni(g2)(ai —G cos(Z)cos(0)) (3.3)

The model has six actuator-dependent parameters (a3 = {a+,a_,b+,b_,c+,c_}) that can
be identified by measuring Y3+ and Y3_ at the three different configurations: (g2,d,0) =
(—n/2,0,0), (0, —n/2,0), and (0,0, 0). This process of finding the free parameters for the
prismatic joint is explained in Section 3.3.3. The parameter ai represents the basic step size
of the joint when no gravitational load or recoil inefficiency is acting on the joint, measured
at (—n/2,0,0). It can be seen that curve 1 and curve 2 intersect at the value of ai. The

term cicos(Z) cos(0) is a function of the component of the gravitational load due to the
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weight of the distal link acting along the axis of the joint. The parameter bi was defined

above.

3.3.3 Calibration procedure for a prismatic joint
The step size model for the prismatic joint as described in Eq. 3.3 has six unknown
parameters that can be calibrated for by taking six measurements of 73i as shown in Fig.
3.5.  For simplicity, the average step size at a known configuration of g2, 0, and 0 is
denoted by 73i(g2e”). The following procedure is used to identify the six free parameters

a3 = {a+,a- ,b+,b- ,c+,c- } of the prismatic joint:

1. First, 73+(_n/200) and 73 _(_n/20,0) are measured at (g2,0,0) = (—n/2,0,0) and by

substituting in Eq. 3.3, we find parameter ai of the model by the following relation:
ai = 73i(-n/2,0,0) (3.4

2. Next, 73+(0,_n/20) and Y3 (0,_n/20) are measured at (q2,0,0) = (0,—~/2,0) and
using Eq. 3.3 and the calculated value of ai, we find parameter bi using the following

relation:

o= g 780020

(3.5)
3. Finally, Y3+(0,00) and Y3 (0,0,0) are measured at (g2,0,0) = (0,0,0), and by substi-
tuting these values in Eq. 3.3 along with ai and bi, we find parameter ci using the

following relation:

73i(000)

L b (3.6)

(a) (b)

Figure 3.5. Calibrating configurations (in sequence) for identifying the six unknown
parameters of the model of the prismatic joint (joint 3). (a) ai is calculated by measuring
Y3i at (92,0,0) = (-n/2,0,0), (b) bi is calculated using ai calculated in the previous step
and 73i at (g2,0,0)= (0,-n/2,0), and (c) ci is calculated using the values of ai and bi above,
and Y3i at (q2,0,0)= (0,0,0).
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The order of the three steps above, which correspond to steps (a), (b), and (c), respec-
tively, does not have to be carried out in any specific order. In practice, it may be more
efficient to conduct the calibration in a different order that requires less joint movements
(e.g™ (b) (c) (a)).

Fig. 3.4b shows the model plotted against experimental data for a single day at 9 = 0
and —n /3 with ~ fixed at 0. The value of 9 = —n/3 is not included as one of the calibration
configurations mentioned above, yet the model captures the step size of the joint as a
function of the configuration. We observe similar results in other configurations. Thus, the
calibrated parameters can completely characterize the effect of the load due to gravity on

the prismatic joint in any arbitrary configuration of the manipulator.

3.3.4 Modeling of a rotary joint

Two experiments were performed to study the effect of gravitational loads on the rotary
joint 2 (in an effort to study static loading in general). In experiment 1, 9 is kept at —n/2
such that there is no load due to gravity on the joint, in an attempt to verify that the joint
has a consistent behavior throughout its range of motion if other factors are controlled.
Variation in Y2i is studied in different sub-ranges of g2, for g3 = Omm and 12mm. From
the results of experiment 1, it is safe to conclude that the step size of the rotary joint is
relatively constant throughout its range of motion when no load due to gravity is acting
on the joint, since the variation in step size for different values of g2 in this configuration
is found to be less than £2%, with no discernible trend in the data. Fig. 3.6 shows the
experimental results for experiment 2 in which 9 is kept at zero such that there is load due
to gravity on the joint; here the gravitational load on joint 2 is a function of its own position
g2.

The model for static loading on the rotary joint is derived based on the physics that, if
9 = 0, the torque on joint 2 is related to gravitational loads as t2 a gsin(q2), where g is
the acceleration due to gravity; the constant of proportionality is related to the mass and
lengths of the distal links, which are unknown to us. The empirical model to predict the

step size for the rotary joint is formulated as:

Y2i = Y2i,d=tn/2 + disin(2) (3.7)

where Y2i,e=+n/2 denotes the direction-dependent step size of the rotary joint when there
is no effect of gravity on the link (i.e.,, at 9 = £n/2), di is a free parameter that denotes
the maximum increase in step size over the baseline step size Y2i,e=+n/2, and Z= "~ —q2 as

described in Fig. 3.2. We assume that the step size at 9 = —n/2 and 9 = n/2 would be
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(@) (b)

Figure 3.6. Step size (a) Y2- and (b) Y2+ as a function of Zat g3= 0 and 12mm, » = 0,
and d = 0. Y2 is recorded for intervals of n/6 from —n/6 to 7n/6 and is plotted at the
midpoint of each interval as explained in Section 4.3.

equal to the step size at g2 = 0 and g2 = —n when » = d = 0, since there is no torque due
to gravity on the joint in any of these cases.

It can be seen that the nature of step size in the positive direction is an inverted form
of its nature in the negative direction. This is attributed to the fact that the load due to
gravity acts against the direction of motion of the joint in the positive direction, and with
it in the negative direction. Hence, the step size obtained in the positive direction, Y2+, will
be less than that obtained at d = —n/2 where no gravitation load is acting on the joint. The
opposite holds true for the step size in negative direction, Y2-. In other words, downward
steps are bigger that horizontal steps, which in turn are bigger than upward steps, as we
would expect.

If the manipulator were to be tilted by an angle d = 0, then the torque due to gravity
on joint 2 would become proportional to the cosine of the gravitational component, such

that the model of Eq. 3.7 should be modified as:

Y2 = Y2i,8=%n/2 + disin(C)cos(0) (3.8)

3.3.5 Calibration procedure for a rotary joint
Fig. 3.7 shows the calibration sequence for rotary joint 2, which gives us values for the
joint-specific parameters, di and Y2ie_=7r/2, for the rotary joint in the positive and negative
directions. For simplicity, the average step size at a known configuration of g3, d, and *
is denoted by Y2(q3,e,") unless otherwise mentioned. The following procedure is followed to

obtain the free parameter:
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Figure 3.7. Calibrating configurations (in sequence) for identifying the six unknown
parameters of the model of the rotary joint 2. g2 is driven across its full range from n/6
to -7n/6 in the negative and positive directions at (a) g3 = Omm, 9 =0, and 0 = 0; (b)
g3= 12mm, 9=0,and 0 = 0; (¢c) 3= 12mm, 9= —/2, and 0 = 0; and (d) g3 = 0 mm,
9= —/2,and 0 = 0.

1. Y2-(0,00) and y2+(o0,0) are measured by driving joint 2 across its range from g2 = n/6
to —7n/6 in the negative direction and then in the positive direction at (q3,9, m0) =

(0, 0, 0).

2. The prismatic joint is then fully extended. Y2-(12,0,0) and Y2+(120,0) are measured by
driving joint 2 across its range from g2 = n/6 to —7n/6 in the negative direction and

then in the positive direction at (93,9,0) = (12 mm, 0, 0).

3. The manipulator is then tilted by setting 9 = —n/2 such that there is no gravitational
torque on joint 2. Y2-(12,-n/2,0) and Y2+(12-n/20) are measured by driving joint 2
across its range from g2 = n/6 to —7/n/6 in the negative direction and then in the

positive direction at (93,9,0) = (12mm, —/2,0).

4. The prismatic joint is then fully retracted. Y2-(12,-n/2,0) and Y2+(12-n/2,0) are mea-
sured by driving joint 2 across its range from g2 = n/6 to —/n/6 in the negative

direction and then in the positive direction at (q3,9,0) = (Omm, —/2,0).

Since y2 is a function of g2 at each instant, it not a trivial task to calculate the parameter
di from Eq. 3.8 by using the average step size values (Y2i) that are available to us based on
the entire range of motion. A simulation of the model shown in Eq. 3.8 was implemented
wherein a number of different values of the free parameters Y2i,e=-n/2 and di were given to
the simulation as inputs, and the simulation returns the step size at each instant and the
total number of steps required to move through the joint’s entire range. The total number
of steps obtained is then used to calculate the simulated average step size Y2i0=o0.

Fig. 3.8 shows the simulation results obtained for the rotary joint after stepping g2
through its full range of motion from n/6 to —7n/6 for fixed arbitrary (typical) values of

Y2i,e=-n/2and di. The figure shows the dependence of step size on the current configuration.
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Figure 3.8. Simulated model of the step size of joint 2 in (a) the negative direction, and
in (b) the positive direction. The values of Y2,e=0 and Y2e=-n/2 are fixed, and 9 was kept
at zero in simulation. The nature of data obtained in simulation agrees with experimental
results shown in Fig. 3.6.

This validates our model of the rotary joint 2 with data observed in experiments (Fig.
3.6). It was found that the difference between the two average step size values Y2i,e=0
and Y2i,0=-n/2 has a quadratic relation with the free parameter di as shown in Fig. 3.9.
Irrespective of the individual values of Y2i,e=0 and Y2,e=-n/2, the free parameter value
di remains the same (difference of less than 17rad) for the same difference between the
two step size values. The simulation was performed such that the range of values for
Y2i,e=0—Y2i,0=-n/2 obtained in simulation was from —9.2 ~rad to 9.2 “rad, because this was
the range of Y2i,e=0—Y2i,e=-n/2 observed in experiments. A relation for computing di was
formulated by fitting the simulation results obtained to a quadratic function as shown in

Fig. 3.9. The equation formulated using nonlinear least-squares regression is:

di = 3.41(72i,0=0 —Y2i,0=-n/2)2 + °.°25(72i,e=0 —72i,0=-n/2)
+6.42 x 10-7 (3.9)

From Fig. 3.6, we see that Y2i,e=-n/2and di are a function of g3, as g3 changes the inertial
load on joint 2. Different values of di can be calculated when g3 = 0 and 12mm using Eq.
3.9, and the effect of changing g3 is reflected in the values of 72i,"=0 and Y2i,e=-n/2. The
relation between di and g3 cannot be derived with just two data points, and this change in
step size due to inertial loading will be studied in the future, but we find a simple linear
interpolation provides accurate results.

Fig. 3.10a-d shows the predicted model for Y2i after computing di via calibration against

experimental data collected on a single day with g3 = 0 and 12mm. Fig. 3.10e-f shows
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Figure 3.9. Variation of the free parameter di with respect to change in difference between

72i,0=0 and Y2i,e=_n/2 at different values of 72i,e=_n/2. The vertical dash lines represent the
range of this difference as observed in experiments.

the data collected at 0 = —n/4 which is used to test the validity of the model for 0 = 0.
The predicted models obtained after calibration are found to be accurate to within 1~rad
(£2%). Thus, the free parameters for the rotary joint can be calibrated for by using eight

Y2i measurements.

3.4 Experiments

The experiments in this paper were designed to isolate and study the effect of static loads
on the rotary and prismatic joints of a Kleindiek MM3A. The gravitational load acting on
the prismatic joint (joint 3) along the direction of its motion can be described by the angles
g2, 0, and 0 (Fig. 3.2). To study the effect of gravity on the prismatic joint, data was
recorded in two different experiments. For each value of g2, 0, and 0, y3+ was first recorded
followed by y3 . In experiment 1, y3+ and y3 were recorded at different values of g2 and
0 in the range of 0 to n and 0 to —n/2, respectively, in increments of n/6 with 0 fixed at
0. For each value of g2, data was recorded for different values of 0 before moving on to the
next value of g2. In experiment 2, g2 was fixed at —n/2 (outstretched) and the gravitational
load was varied by changing 0, with 0 = 0. y3+ and y3_were recorded for one condition
in experiment 1 followed by the corresponding condition in experiment 2, before recording
data for the next condition in both experiments. This distributes any drift in y3+ and y3_
due to time equally in both experiments. One trial for each condition in both experiments

was taken per day for three consecutive days to take into account the effect of unmodeled
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(a) Model equation fitted to experimental data taken on a single day for
Omm, d = 0, » = 0 in the negative direction, with d- =3.83 ~rad (b)
= 0, » = 0 the in positive direction, with d+=-8.15"rad (c) g3 = 12mm,

d=0,” = 0in the negative direction, with d- =23.94 *rad(d) g3= 12mm,d= 0, = 0in
the positive direction, with d+=-19.40 ~rad (e) g3= O0mm, d = —n/4, » = 0in the negative
direction, with d- =6.91 ~rad (f) g3 = Omm, d = —/4, ~ = 0 in the positive direction,
with d+=-10.24"rad.

changes in environmental conditions. Curves 1and 3 in Fig. 3.4a are obtained from Y3+ and

Y3 -, respectively, recorded in experiment 1 using the values when d = —n/2, for all three

days. Curves 2 and 4 are obtained from Y3+ and Y3-, respectively, recorded in experiment

2. Fig. 3.4b shows Y3+ and Y3-for experiment 1recorded on Day 1 when d = 0 and —n/3.

Data from experiments 1 and 2 performed on the same day were used to derive the model

parameters shown in Fig. 3.4b.
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For modeling a rotary joint, two experiments were performed on joint 2. Initially, Y2+
and Y2- was measured for the entire range of motion for the joint with g3 =0 mm and
12mm. Using a custom-made fixture, joint 2 was then moved in intervals of n/6 for g2
from 0 to n and Y2i was calculated for each interval. The average step size of each interval
is assumed to be the step size at the midpoint of the interval as shown in Fig. 3.6. This
allows us to study the variation in Y2i as a function of g2. Y2i was recorded in both negative
(Y2-) and positive (y2+) directions. In experiment 1, the mentioned sequence of collecting
data was performed at 9 = —n/2. When 9 = —n/2, there is no torque due to gravity
on the rotary joint, and the step size observed is purely due to the inertial load on the
joint and the inherent properties of the actuator. In experiment 2, 9 is kept at zero. A
gravitational torque is present on the rotary joint, and the step size obtained is influenced
by gravitational loading on the joint. One set of data for both experiments was recorded
on three different days. Fig. 3.6 shows the results for Y2i in experiment 2 for all three days,
with 9 = 0. Fig. 3.10a-d shows the data for Y2i from experiment 2 for a single day with the
predicted model fitted to the experimental data. An additional set of data was recorded at
9 = —n/4 to check the validity of the model described in Eq. 3.8, the results of which are
shown in Fig. 3.10e-f.

3.5 Main Experimental Insights

From the experiments performed in this paper, it was concluded that the step size of a
piezoelectric stick-slip actuator can be modeled as having two summed components—a
baseline step size that occurs when there is no static load acting on the joint, and a
positive/negative contribution due to any static load acting on the joint—and that this
two-component step size must be modified to account for the manipulator being in a
configuration in which its compliance decreases the efficiency of the stick-slip movement.

Models relating the step size to the static loads were developed for a prismatic (joint 3)
and a rotary joint (joint 2) of the Kleindiek MM3A. The actuator-specific parameters of the
model can be calibrated for by taking 14 measurements of the average step size (6 for the
prismatic joint and 8 for the rotary joint) in specific configurations of the manipulator. The
models can accurately predict the step size of the joints at a given manipulator configuration.
Kleindiek does not provide specifications for step size of the joints of the MM3A, so we
compare the accuracy of our model to a simpler constant-step-size model when there is no
static load acting on the joints, i.e., Y3iat (92,9,0)=(—n/2, 0, 0) for the prismatic joint, and
Y2i at (93,9,0)=(0,0,0) for the rotary joint. The maximum error in the developed model is
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approximately 15% for the prismatic joint, and 2% for the rotary joint, as compared to 40%
and 7% for the prismatic and rotary joints, respectively, when using the constant-step-size
model. Changes in environmental conditions have an effect on the parameters of the model;
consequently, the model for the joint parameters should be recalibrated each day.

Fig. 3.6 shows that there is a significant effect of the joint 3 variable g3 on the step size
of the rotary joint 2. Also, Y2i,e=-n/2 and di are functions of g3. This is expected, as a
change in g3 will lead to a change in inertial load on joint 2 and a change in the step size
of joint 2. The effect of inertial loads on the step size is not addressed herein and will be
studied in the future.

Joint 1 is another rotary joint with the same range as joint 2 and having the same
properties except for the change in static load value. Hence, the model and calibration
routine for joint 2 can be extended to joint 1. The only difference in the calibration routine
would be that at 9 = 0 there is no effect of gravity on joint 1, while at 9 = —n/2 the
gravity is perpendicular to the joint axis. So, in short, the definition of the terms, Y2i,e=0
and Y2i,0=-n/2 would be interchanged.

Models developed in this paper for the step size of piezoelectric stick-slip actuators
are not perfect. Hence, when these models are used in teleoperation algorithms like the
one proposed in [33], there will be drift in the position of the end-effector due to the
accumulation of error in the model. However, this problem can be overcome as recently
developed piezoelectric actuators have sensors with micro- and nanometer resolution [6].
This sensor feedback could be used to remove drift in the position, but the models of step
size will still be necessary to command multiple steps in a single command to the joint
before sensor feedback is obtained.

The experiments in this paper were performed in a room without tight climate control.
When using the manipulator inside an SEM, frequent recalibration might not be necessary,
since the manipulator will be in a vacuum. However, the audio limit switch used to detect
end of travel will not work in a vacuum, and will need to be replaced by an accelerometer-
based sensor mounted on the manipulator (when sensor feedback is not available) to detect
the end of travel during calibration. The experiments in this paper were performed using
a Kliendiek MM3A, but we expect the results to generalize to other similar devices that

utilize peizoelectric stick-slip actuators.



CHAPTER 4

A COMPACT TELEMANIPULATED
RETINAL-SURGERY SYSTEM
THAT USES COMMERCIALLY
AVAILABLE INSTRUMENTS

WITH A QUICK-CHANGE
ADAPTER

4.1 Introduction

Retinal microsurgery procedures are at the limits of human ability [37-41]. An error of
only a few micrometers can cause the instrument to exert damaging force on the retina,
causing localized loss of vision. The forces experienced during retinal surgeries are below
what surgeons can feel (< 7mN), so surgeons must rely on visual feedback only [37,42,
43]. The surgeon must pivot the instruments about the scleral trocars (Fig. 4.1), limiting
dexterity, and must use the instruments to manipulate the eye to provide better imaging
through the surgical microscope. Patient movement due to breathing must be accounted
for by the surgeon, and in addition, among patients who snore under monitored anesthesia
(«16% of cases [44]), half have sudden head movements during surgery, leading to a high
risk of complications.

One of the most difficult retinal-surgery procedures involves the peeling of membranes
on the retina. Epiretinal membrane (ERM) comprises sheets of fibrous tissue up to 61-
Am-thick [45] that distort macular anatomy and disturb vision after posterior vitreous
detachment or retinal tears, and the inner limiting membrane (ILM) is a naturally occurring
0.15-4-"m-thick membrane [46] that can contract with age and generate macular holes. To
improve vision in affected eyes, ERM and ILM are peeled by inserting delicate instruments
inside the eye (Fig. 4.1). Membrane peeling is a delicate procedure, and complications
occur frequently in the form of intraoperative hemorrhage, retinal detachment during or

after surgery, infection after surgery, regrowth of epiretinal membrane, and increased rate of
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Figure 4.1. Instruments inserted through trocars in the pars plana region of the sclera are
used to perform delicate scraping and peeling motions to peel membranes on the retina.
Image courtesy James Gilman, CRA, FOPS.

cataract development [47]. In some cases, a second surgery is required to remove fragments
of the ERM/ILM left behind. Other experimental procedures inside the eye like retinal
vein cannulation involve delivering drugs to retinal veins that measure less than 100”"m
in diameter, whereas physiological tremor in the human hand during retinal surgery was
measured to be 100~ m [39].

There are opportunities for significant improvement in retinal-surgery procedures in
terms of safety and consistency of outcomes. As our population ages over coming years, the
number of surgical procedures will likely increase relative to the number of surgeons available
[48]. Robot-assisted retinal surgery will enable surgeons to improve surgical efficiency by
enabling them to overcome their human limitations, and to extend their working life and
capitalize on their experience even after their manual abilities have diminished.

Prior research in robot-assisted retinal surgery has resulted in the development of tele-
manipulated systems [13,15,49-54] and cooperative manipulators [55,56]. Robotic systems
for retinal surgery have typically been relatively large and stiff, and thus table-mounted.
In related work, active hand-held instruments primarily aimed at tremor reduction, with
no ability to affect the “DC” system response, have been shown to reduce RMS tremor to
10 *m-60 *m [57-60]. Since the human hand is the source of tremor during microsurgery,
telemanipulated systems, which eliminate direct contact between the surgeon and the
instrument, seem particularly promising. Most prior systems leave the retina at risk in
the event of sudden head movement, and rhythmic head movements would need to be
actively compensated. Notable exceptions are the TU Munich [13] and Columbia/Vanderbilt
systems [51], which are designed to be head-mountable. The TU Munich system [13] has

been demonstrated to be head-mountable.
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The specifications of retinal surgery are difficult to achieve using traditional mechatronic
components (e.g., motors, gears), while maintaining a small form factor. In this paper,
we present a manipulator for retinal surgery that utilizes piezoelectric stick-slip actuators,
which were designed specifically for micromanipulation (this same style of actuator was used
by Nasseri et al. [13]). Piezoelectric stick-slip actuators have a high resolution (< 1nm) and
a high dynamic displacement range (cm-nm) [1]. During normal operation, these actuators
behave like admittance-type devices (i.e., they are stiff, they passively remain in place until
actively commanded to move, and they are stationary in the event of power loss), yet
they can be back-driven with a gentle force by a human hand (or any other applied force)
with no damage to the device, which is significantly different behavior than a traditional
admittance-type devices. The manipulator presented in this paper has submicron resolution
and is small and light enough to be head-mounted (although that is not demonstrated in this
paper). A principal contribution of this work is an instrument adapter that enables the use
of the full range of unmodified commercially available instruments, including instruments
that require some form of actuation, such as microforceps and scissors, and nonactuated
instruments, such as a diamond-dusted scraper (DDS), a vitrector, and a fiber-optic light.
The instrument adapter also enables quick change of instruments, which is an important
requirement in retinal surgery that has rarely been demonstrated in prior telemanipulated
systems. We also describe a custom master input device that is inspired by an Alcon
disposable microforceps, which has been designed for superior ergonomics compared to
traditional pinch-grip devices. Our complete system is shown in Fig. 4.2. Finally, we include
experimental results comparing manual membrane peeling to telemanipulated membrane
peeling in a force-sensitive phantom eye. This paper is an extended treatment of an earlier

work [61].

4.2 System Design
4.2.1 6-DOF manipulator
A six-degree-of-freedom (6-DOF) manipulator was designed using off-the-shelf piezoelec-
tric stick-slip actuators from SmarAct GmbH (Fig. 4.2a). It comprises a 3-DOF translation
stage and a 3-DOF spherical wrist, which enables the manipulator to position the instrument
inside a 20-mm-diameter spherical-sectin bowl centered on the retina with a virtual remote
center on the surface of the eye (a sphere of 25.4-mm diameter). The linear stages (ql,
g2, and @g3) have a range of 40mm with a closed-loop resolution of 100nm. ql utilizes a

parallel-rail structure, in which one rail is a stick-slip actuator and the other is a passive
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Figure 4.2. Retinal-surgery System. (a) 6-DOF manipulator for retinal surgery. (b)
Experimental setup of the retinal-surgery system. The surgeon looks in the phantom
eye using a stereo microscope, and telemanipulates the end-effector of the instrument
with 4-DOF (3-DOF translation, and rotation of the instrument about its axis) using a
Geomagic Touch (located to enable direct access to instruments) with a custom stylus
that is constrained to have the same 4-DOF by locking the wrist. (¢) Yaw joint of the
manipulator, which is responsible for rotation of the instrument about its axis, with an
adapter that enables instruments to be attached to the manipulator.

guide. The vertical direction (g3) includes a constant-force spring to offset the weight
of the spherical wrist. The spherical wrist comprises three rotary piezoelectric stick-slip
actuators, with a closed-loop resolution of 25/i° for the roll (q4) and pitch (g5) actuators,
and with a yaw actuator that enables open-loop rotation about the axis of the instrument
(g6) with a resolution of 3m*°. The positioning precision of the manipulator is measured
with joint sensors while performing constrained motion near the retina to be <1 m, and
the maximum velocity at the end-effector is 6 mm/s. The positioning precision was verified
using a VHX-5000 (Keyence Corp.) microscope. The linear actuators of the manipulator
(SmarAct SLC-2460) can be backdriven by applying a force of 5N, and the roll and pitch
rotary actuators (SmarAct SR-4513, SR-2812) can be backdriven by appling torques of
15N-cm and 6 N-cm, respectively. The maximum force that the linear actuators can apply
while in motion is 4N, and the roll and pitch actuators can apply a torque of 6 N-cm and
3N-cm, respectively. The manipulator measures 200x 100x70 mm3 and weighs 0.8 kg.

The manipulator was manufactured by SmarAct to our specifications, and we further
modified the yaw joint of the manipulator such that it can use a wide range of actuated
and nonactuated instruments. The modified yaw joint was manufactured using a 3D printer
(Objet Eden260). The yaw joint is designed with the yaw actuator’s axis orthogonal to the
instrument’s axis, and the rotary motion to the instrument is transmitted using spiral bevel
gears. The spiral bevel gear includes a 23-mm aperture and internal threads that enable
instruments to be attached to the manipulator. The aperture size was selected such that

disposable instruments of a wide range of form factors can be used with the manipulator.
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From our observations in the operating room, we found that during retinal surgery,
on average the surgeon changes the instrument every two minutes. It is important that
a robotic system for such procedures facilitates the quick change of instruments without
disturbing the flow of the procedure, so we designed an adapter that enables the surgeon to
change instruments frequently, and enables the use of disposable instruments that require
“pinch-grip” actuation such as microforceps and scissors, with this seventh DOF of actuation
connected to the instrument rather than to the manipulator. Our mechanism utilizes
adapters that are attached to disposable instruments before surgery. The length of each
instrument is known, and the distance from the adapter base (see Fig. 4.3f) to the tip of
the instrument is kept constant for each instrument. The adapters can be designed such
that the shape of the adapters conforms to the shape of a specific instrument (Fig. 4.3c
and Fig. 4.3f) maintaining a constant and repeatable distance between the instrument tip
and the adapter base; we have implemented a distance of 84.5 mm in our prototype, which
is largely governed by the Alcon microforceps (see Fig. 4.3b). The adapter uses threads
inspired by Luer fittings and an adapter stop on the manipulator enables the instrument to
be attached in the perfect position every time. Once the instruments with the adapters are
attached to the manipulator, the end-effector of any instrument will be at the same known
location within a small tolerance (80"m measured using images).

To characterize the instrument change time for our manipulator, we performed a simple
experiment with five subjects in which the subjects changed the instrument from a DDS to
a microforceps and then back to a DDS (5 trials), at a comfortable speed. The time required
to change an instrument was found to be 12.7s £ 2.5s (mean + st.dev.). We repeated this
simple experiment with the same instruments for a manual surgery, and found an average
change time of 8.3s + 1.4s. With an increase in time of 5s for every 2min of surgery (a
4% increase), we conclude that the additional time due to tool change is fairly insignificant.
By recording the joint sensor values, we confirmed that there was no motion in the joints
while the instrument was being changed. Hence, the instruments can be changed while the
end-effector is still positioned inside the eye without a risk of injuring the retina due to
unintended motions during instrument change. However, additional methods will have to
be used to register the exact location of the trocar on the sclera in this case.

Sterilizability is an important consideration for manipulators used in surgery. Our
manipulator is small enough that it is conceivable that the entire manipulator could be
gassed or autoclaved between procedures (SmarAct makes autoclavable actuators). Alter-

natively, all components distal to the rotary actuator shown in Fig. 4.2c (i.e., the 3D-printed
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Figure 4.3. Quick-change adapter design. (a)-(e) Disposable retinal-surgery instruments
with adapters that enable quick-change mounting to the 6-DOF manipulator. (f) Section
view of a quick-change adapter attached to a diamond-dusted scraper (DDS). (g) Section
view of the yaw joint to which the instruments with quick-change adapter are attached.

components) could easily be made disposable or removable for autoclaving. This would
enable the remainder of the manipulator to be wrapped in sterile draping with a pass
through for a rotary actuator’s shaft, using a method inspired by that employed by Intuitive
Surgical’s da Vinci. Finally, we have also verified that surgical draping can be inserted
between the quick-change adapter and the spiral gear on the manipulator to which the
adapter is attached (Fig. 4.3f and 4.3g), and can be inserted between the linear stepper
motor and the disposable microforceps tip (Fig. 4.4a) without affecting operation of the

plunger, providing a potential alternate path to sterilization.

4.2.2 Actuation mechanisms for instruments
Two different actuation mechanisms were designed to enable the use of two different
families of actuated instruments commonly used in retinal surgery: disposable instrument
tips (e.g., Synergetics microforceps tip (Fig. 4.3a)) that are used with reusable handles, and

completely disposable instruments (e.g., Alcon microforceps (Fig. 4.3b)).

4.2.2.1 Actuation with stepper motor

For actuating a disposable instrument tip, which requires pressing a plunger on the
device, we used a linear stepper motor (LC15, HaydonKerk) with force capability of 5N
(2N is required to actuate a Synergetics microforceps). The stepper motor is attached
to the microforceps tip using an adapter that enables the microforceps to be mounted on

the manipulator (Fig. 4.4a). The LC15 has a linear resolution of 2.5*m, and requires 500
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Figure 4.4. Actuation mechanisms for microforceps. (a) Section view of the Synergetics
microforceps actuated by a linear stepper motor. (b) Section view of the Alcon microforceps
actuated by a soft actuator. (c) Top section view of the soft actuator. The paper sheath on
the outer wall and the profile of the inner wall only allow for expansion radially inward. (d)
Side section view of the soft actuator. The height of the channel is inversely proportional
to the maximum pressure required for actuation. (¢) The maximum pressure required for
complete actuation and (f) the bandwidth (for a complete open-close cycle) increases with
d and the hardness of the silicone elastomer.

steps (travel of 1.25 mm) for the complete actuation (i.e., fully open to fully closed) of the
microforceps. The measured bandwidth for a full open-close cycle of the microforceps with

the stepper motor is 2.5 Hz.

4.2.2.2 Actuation with soft actuator

The second actuation mechanism, for use with completely disposable Alcon instruments,
uses a soft actuator inspired by a blood-pressure cuff (Fig. 4.4b), which squeezes the ribs
on a pinch-grip device when supplied with pressurized air (already available in the oper-
ating room). The soft actuator is molded from a silicone elastomer using soft-lithography
techniques [62]. 3D-printed molds with inserts are used in a two-step process to fabricate
the soft actuator that has a channel for pressurized air, which is then heat cured at 700C.
The inner walls of the soft actuator conform to the shape of the pinch-grip mechanism of an
actuated disposable instrument (e.g., forceps). The profile of the inner walls are designed to
cause preferential expansion toward the instrument. An outer sheath made of paper is used
to mitigate outward expansion of the outer wall. The soft actuators were fabricated with
silicone elastomers of three different hardnesses (Dragon Skin 10, 20, and 30, Smooth-on
Inc.), and two different values for the inner wall thickness d of 0.5mm and 1mm (see Fig.

4.4c). The soft actuator attached to an Alcon forceps weighs 10g, which is approximately
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one third that of the stepper-motor-based forceps.

A PD control system comprising two ON/OFF valves (MHJ series, Festo) and a pressure
sensor is implemented to regulate the pressure inside the soft actuator. The controller
converts the error in pressure for the soft actuator into a PWM signal that is used to
control the valves. Figure 4.4e shows that the maximum pressure required to completely
close the forceps increases with the wall thickness and the elastomer hardness. A similar
but counter-intuitive result was observed for the bandwidth for a full open-close cycle of
the forceps (Fig. 4.4f). The bandwidth increases with an increase in the wall thickness
and the elastomer hardness. This can be attributed to a decrease in the deflation time
for the actuators when opening the forceps, with an increase in the wall thickness and the
elastomer hardness. A version of the controller with a bandwdith of 2Hz and a resolution
of 10 discrete steps between fully open and fully closed forceps was used for experiments in

Section 4.3.

4.2.3 Telemanipulation system

A Geomagic Touch (formerly known as the Phantom Omni) is used to telemanipulate the
retinal manipulator. The Touch is an inexpensive haptic interface that has 6-DOF motion
and sensing but only 3-DOF actuation; the position of the device’s wrist can be controlled,
but the orientation of the stylus cannot. We use the Touch as our master input device here
for expediency; we are not advocating that it is the best device for overall performance.

A master-slave position controller is implemented in which the scaled end-effector po-
sition is mapped as a proxy point in the Touch workspace, and a virtual spring-damper
is implemented between the proxy and the position of the Touch wrist. The gains were
chosen to generate smooth and stable behavior. The scaled position of the Touch wrist
(software-adjustable scaling, with a deadband of 200”™m on the master) is given as a
position command to the end-effector. A low-level position controller (Section 4.2.3.2) is
implemented to servo the end-effector to the desired position. A clutch (foot pedal) is used
to engage/disengage the slave manipulator from the master. The remote-center-of-motion
(RCM) movement of the instrument about the trocar is handled in software, such that
the user directly controls 4-DOF of instrument movement (3-DOF Cartesian position, and
rotation of the instrument about its axis). During experiments described in Section 4.3,
the instrument tip is inserted into the trocar and the master forceps is squeezed once to
register the RCM location (xrcm) in the manipulator workspace, which is fixed throughout
the experiments. As there is an algorithmic singularity at the trocar, a virtual fixture

is implemented for stable telemanipulation that constrains the instrument to one-DOF
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instrument insertion/retraction when the end-effector is near the trocar. To reduce overall
experiment time in our human-subject experiments, the instruments were positioned inside
the eye during trials. A virtual fixture is implemented close to the trocar to prevent
instabilities due to an algorithmic singularity at the trocar. Orbital manipulation is not
implemented here, but nothing about the design of the retinal manipulator precludes it
In a telemanipulation experiment in which we attempted to generate the smallest possible
instrument movement (5 trials in each of six cardinal directions), we measured, using joint
sensors, a resolution of 18.6"m + 9”~m (mean * st.dev.) with 8:1 scaling, and 2.3"m =*
1.2 ~m with 100:1 scaling; the manipulators inherent resolution is achieved in the limit as

scaling is increased.

4.2.3.1 Microforceps stylus for Geomagic Touch

The Geomagic Touch haptic interface is modified with a custom stylus that enables
control of actuated instruments on the manipulator (Fig. 4.5). The stylus is built to mimic
an Alcon disposable microforceps (see Fig. 4.3b), using components salvaged from its pinch-
grip device. The pinch-grip mechanism is attached to a stylus, with the distal end of the
pinch-grip mechanism allowed to move along the stylus shaft. A soft-membrane linear
potentiometer (ThinPot, Spectra Symbol) is used to measure the movement of the distal
end. Rolling-tip set screws at the moving distal end of the mechanism are used to reduce
friction and to serve as a wiper for the potentiometer. A spring (6N/mm) approximately
recreates the stiffness of an actual microforceps. The measured position resolution of the

distal end of the pinch-grip mechanism is 10~m for a travel length of 1.25 mm.

Figure 4.5. Modified stylus for the Geomagic Touch. The pinch-grip mechanism from
a disposable Alcon microforceps is attached to the stylus shaft, and a spring is used to
recreate the stiffness of the microforceps’ pinch-grip mechanism. A linear potentiometer is
used to measure the squeezing of the pinch-grip mechanism.
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4.2.3.2 Low-level position controller

Initial attempts at using the native closed-loop joint controllers provided by SmarAct
caused undesirable vibrations at the end-effector that were perceivable while telemanipu-
lating the instrument under a microscope. As a result, we implemented a custom controller
that minimizes the vibrations at the end-effector to a level that they are no longer visually
perceivable under a microscope.

Algorithm 2 shows the basic steps for the implemented controller that enables our ma-
nipulator to perform RCM movements about a point in its workspace xrcm. The algorithm
is called in a continuous loop by the software with a constant sampling time (dt). It takes
the desired position commanded by the user (xd) and the current joint positions from the
joint sensors (gq) as an input, and calculates the integer number of steps required along
each joint (5) with the frequency (fsafe) at which the steps should be commanded in each
cycle to achieve the desired position. The desired orientation vector for the end-effector is
calculated from the RCM point (xrcm) and the desired position (xd), and is converted to
a desired orientation matrix (R) using Rodrigues’ rotation formula. Inverse kinematics is
then used to calculate the desired joint values (fd), and subsequently, the change in joint
values (dqg) required to achieve xd is calculated. An empirically derived open-loop model
of the step size of the joints (Y) is then used to calculate the integer number of steps (5)
required along each joint. The step size is a function of the number of steps commanded,
the frequency at which the steps are commanded, and the voltage amplitude of each step.
To achieve submicron precision, the voltage amplitude for each actuator is reduced by 50%
when the required change in joint values (dqi) is less than the step size of a joint i. This
results in a reduced step-size for the actuators.

The frequency at which each actuator should be driven (fcalc) is calculated from 5 and

Algorithm 2 Low-level position controller
I read xd,f

R = calculateOrientation(xrcm, xd)

fd = inverseKinematics(xd, R)

dg= fd—f "

5= round(dqg/Y)

fcalc = kf5/dt

fsafe = rejeetFreq(fcaic)

return 5, fsafe

0N O wN
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dt. kf is an empirically derived constant that is required for stable closed-loop operation.
For our manipulator, kf = 0.3. We observed that certain frequencies of operation for the
rotary actuators excited the resonant frequencies of the instrument, resulting in undesirable
vibrations when starting and stopping motion of the end-effector. We empirically deter-
mined the undesirable frequencies by driving the rotary actuators at different frequencies
and visually inspecting the vibration of the end-effector. If the calculated frequency (/calc)
was in the range of undesirable frequencies, it was capped to the lowest safe frequency. The
range of undesirable frequencies for a DDS and a microforceps were found to be between
100-400 Hz. No perceivable discontinuity in the motion of the end-effector was observed due
to this rejection of frequencies. The SmarAct controller unit provides data from position
sensors at a maximum rate of 70Hz, and hence our controller update rate is limited to
70Hz in this prototype. For membrane peeling during manual surgery, power analysis of
the displacement of the instrument at 3 Hz has been found to be one-hundredth of the power
at DC [40]. The frequency response of our manipulator for a sinudoid of amplitude 0.5 mm
at 3Hz has an absolute amplitude gain of 0.8. As a result our manipulator is able to track
all voluntary movement, and has some inherent tremor reduction since the response of the

manipulator is severely attenuated at higher frequencies.

4.2.3.3 Augmented controllers for retinal surgery

During actual surgery, membranes are peeled in a circular path close to the surface of
the retina, as slowly as physically possible. Peeling the membrane too fast can result in
fragmentation of the membrane and can also lead to retinal tears due to excessive upward
forces. Additionally, surgeons have to account for the curvature of the retina when making
lateral movements close to the surface of the retina. We implemented two additional
telemanipulation controllers, the variable-speed controller, which we hypothesized could
assist in slow peeling of membranes, and the virtual-fixture controller, which we hypothesized
could enable safer movement close to the retina. These augemented controllers are added
to the standard telemanipulation controller already described above. In the variable-speed
controller, the speed of the end-effector is reduced by a somewhat-arbitrary factor of 10 if
the forceps is closed by more than 10%. The closure of the forceps is taken as an intent of the
user to operate on the retina, and our hypothesis is that the slower speed would improve
peeling precision and reduce upward peeling forces. In the virtual-fixture controller, a
virtual fixture is implemented to attenuate radial velocities toward the retina by 90% when

in close proximity to the retina, whereas velocities tangent to or away from the surface
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remain unchanged. The virtual fixture is determined using an identification procedure by
touching at least four points on the retina with the end-effector, and a spherical surface that
best fits the points on the retina is calculated. In clinical practice, touching the retina with
instruments might not be feasible. Alternative methods that use force-sensing instruments

or an optical coherance tomorgraphy (OCT) probe could be used [63,64].

4.3 Experiments
4.3.1 Methods

To compare manual vs. telemanipulated retinal surgery (using 8:1 scaling exclusively),
we performed experiments with a phantom eye shown in Fig. 4.6. Trocars were inserted
into the model eye as would be done in surgery. The anterior (upper portion) of the eye
is made of a synthetic rubber (Phake-lI, 8mm-diameter pupil) and approximates the size,
shape, and feel of the human eye. The anterior of the eye was attached to a fixture as shown
in Fig. 4.6, and inside the fixture, an ATl Nanol7-Ti force/torque sensor (noise <1 mN) was
mounted with a section of a spherical surface that acts as the posterior (retinal) surface of
the eye on which surgery will be performed. This mechanical isolation between the anterior
and posterior of the eye ensures that only the relatively small instrument-retina interaction
forces are measured by the force sensor. The anterior portion of the model eye can rotate
on the fixture allowing for minor orbital manipulation, but the posterior surface that is
attached to the force sensor remains static.

The retinal surface was prepared with an artificial membrane made of paper (cut to
6-mm-diameter circle, 120”"m thickness), and 107l of an eye lubricant gel (GenTeal) was
applied to the model retina by using a pipette to achieve adhesion between the model
membrane and the model retina. Paper with different strength characteristics can be used
to simulate different types of membranes based on their peeling difficulty. We chose a paper
membrane that, according to our surgeons, qualitatively approximated the behavior of a
real membrane. The low preparation time compared to artificial membranes previously
developed in the literature [65] enabled us to keep our experiment time within reasonable
limits. To measure the repeatability of our artificial membrane, we performed an experiment
where the membrane was peeled at different constant velocities by the manipulator. Fig.
4.6f shows the upward peeling forces (Fy) at different peeling velocities (five trials for each
velocity). At velocities below 3mm/s, the upward peeling force seems to be insensitive to
the velocity.

Three vitreoretinal surgeons with varying degrees of surgical experience—20 years (ex-
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Figure 4.6. Phantom eye setup with artificial membrane used in experiments. (a) Section
view of phantom eye used. (b) A user performing telemanipulated surgery on the phantom
eye. A fiber-optic light is manipulated manually with the left hand. (c) A paper membrane
being peeled by an Alcon microforceps using the retinal manipulator. (d) Snapshot from
video demonstration of smooth motion across a 1 mm grid, with each subgrid measuring
100~m, and each line having a width of approximately 8~m. (f) Typical upward peeling
force for the artificial membrane at different velocities.
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pert), 2 years (intermediate), 6 months (novice)—and a graduate student with no experience
in actual surgery, performed manual and telemanipulated surgery on the phantom eye setup
with an Alcon microforceps and a DDS. The graduate student and expert surgeon are
both authors of this paper. All the surgeons had two hours of practice on the telema-
nipulated system before data were recorded. The graduate student had been using the
telemanipulation system for a year. Two experiments were performed by each subject. In
Experiment 1, subjects performed manual surgery, and in Experiment 2, the surgery was
performed with the telemanipulated system. Each experiment was performed with two
different instruments, the DDS and the microforceps, with a single instrument being used
in a given trial. With the DDS, the subjects had to scrape at the edge of the membrane for
1min as they would during an actual surgery, applying delicate but useful forces. With the
microforceps, the subjects had to completely peel a membrane off the force-sensing retina,
which was visually verified in each trial. The subjects were instructed that applying minimal
downward force to the retina was the primary objective, with minimizing completion time
as a secondary objective. In Experiment 2, trials were performed for two additional
controllers as described in Section 4.2.3.3 along with the standard controller. Three trials
were performed in each experiment, for each instrument and controller type to obtain a
total of 24 trials for a given day. Experiments were performed on two days (approximately
120 min per day) for a total of six trials per condition, and trials on a given day were
randomized for instrument type and controller type (applicable only to Experiment 2).
Two subjects (expert and novice) performed Experiment 1 followed by Experiment 2 on
the first day, with the order reversed on the second day, and the other subjects (intermediate
and graduate student) performed the experiments in a reverse order. A fresh membrane
was prepared for each trial.

A third experiment was performed to measure performance in telemanipulated surgery
over time, in order to measure learning effects with the robotic system without conflating
factors such as switching between robotic and manual surgery. Five new subjects (4
male) with no experience in performing actual surgery performed telemanipulated surgery
(standard controller only) with a microforceps to peel the artificial membrane off the
force-sensing retina. Subject 1 (a surgical resident) had observed membrane peeling surgery,
and the other four subjects had no knowledge about the procedure. Six blocks of five trials
each were performed spread across two days (three and three). The subjects were instructed
that peeling the membrane while applying minimal downward force to the retina was the

primary objective, with minimizing completion time as a secondary objective. After each
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block, the experiment conductor analyzed the data and informed the subjects that their
performance could be improved by pressing even more gently on the retina, irrespective of
how they had actually performed.

Although we do not purport that the experiments described in this pilot study are
rigorous enough to make strong claims, we do believe that the results are informative

regarding the potential of the telemanipulation system.

4.3.2 Results

To evaluate performance in our experiments, we use the maximum downward force
(F-y), completion time (Tc), and the maximum upward force (F+y) in a given trial as
independent metrics. During all microforceps experiments, the primary goal for the subjects
was to minimize F-y, with minimizing Tc as a secondary objective. The subjects were given
no specific instruction regarding the upward peeling force F+y. It should also be noted that
the stiffness of the plastic used in our experiments is higher than that of an actual retina,
and hence, the forces measured can only be used for comparisons within this study, since
small positioning errors can lead to relatively large rises in force.

Fig. 4.7 shows F-y, Tc, and F+y for Experiments 1 and 2. For the trials performed
with the microforceps, we observe that all four subjects perform approximately equivalently
during manual surgery in terms of downard force F-y, and that the expert and intermediate
surgeons (which we will refer to as the skilled surgeons) perform substantially better than
the other two subjects during manual surgery in terms of time Tc. We also observe there
are no noticeable trends in F-y (e.g., learning) from Day 1 to Day 2 for manual surgery, as
we would expect; however, there is a reduction in forces for each of the telemanipulation
controllers from Day 1 to Day 2 for all subjects except the graduate student, suggesting
that there is a learning effect from Day 1 to Day 2 for the other subjects. As a result,
for all subsequent analysis, we lump the two days of manual data together for a given
subject to increase the power of the statistics. In addition, we lump the two days of
manual data for the expert and intermediate surgeons into a single skilled manual data set.
Table 4.1 shows the results for independent t-tests comparing manual surgery to different
controllers in telemanipulated surgery for each subject, and comparing telemanipulated
surgery using the various controllers to both within-subject manual surgery and skilled-
surgeon manual surgery (i.e., the gold standard). All statistically significant results are

presented for a < 0.05 unless specified otherwise.
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Figure 4.7. Results for Experiments 1 and 2. The maximum downward force (F-y),
completion time (Tc), and maximum upward force (F+y) for membrane peeling with
a microforceps are shown in (a)-(b), (c)-(d), and (e)-(f), respectively. (g)-(h) shows
maximum downward force (F-y) for the scraping task with a diamond-dusted scraper
(DDS). Data are divided according to subject, day, and mode of experiment. Error bars
indicate standard deviation between trials.



Table 4.1. Statistically significant results (a < 0.05) for telemanipulated membrane peeling with a microforceps for all subjects, compared
against within-subject manual surgery, and against skilled-surgeon manual surgery. S: Standard telemanipulation, V: Variable-speed
controller, F: Virtual fixture controller. V indicates performance better than manual surgery, ‘~’ indicates no significant difference was
found, and ‘f’ indicates performance worse than manual surgery. The two entries shown in parenthesis are only significant with a < 0.1).
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We observe that the expert surgeon improves significantly from Day 1 to Day 2 with
the standard and variable-speed controllers, bringing his force level down to approximately
that of his manual surgery. Also, he performs significantly better than manual surgery
when using the virtual-fixture controller on Day 2 (F(1,7) = 4.0,p = 0.08); however,
his completion time is still significantly higher than manual surgery. The upward forces
during membrane peeling F+y reduces significantly with the standard controller and the
virtual-fixture controller as compared to manual surgery.

For the graduate student, who is an expert user with the telemanipulation system, forces
are lower in telemanipulated surgery for each of the telemanipulation controllers (with Days
1 and 2 lumped together) than in manual surgery; however, his completion time may be
slightly slower. We see a slight trend in reducing upward forces with the telemaniulation
system as compard to manual surgery, with upward forces (F+y) significantly lower with the
virtual-fixture controller as compared to manual surgery. We also find that his downward
forces for each of the telemanipulation controllers are significantly lower than those of the
skilled surgeons’ manual forces; however, his completion time is significantly longer.

Similarly, but maybe more promising, for the novice surgeon with limited surgical
experience, forces are lower with the standard controller on Day 2 than in manual surgery
(F(1,7) = 3.9, p = 0.094); in addition, his completion time in telemanipulated surgery is
comparable to completion time in manual surgery. We also observe that the novice surgeon’s
downward forces with the standard controller and variable-speed controller are lower than
those of the skilled surgeons’ manual forces; however, his completion time is significantly
longer. His upward peeling forces F+y are significantly lower with all three controllers for
the telemanipulated system as compared to the skilled surgeons’ forces in manual surgery.

For the trials with the DDS, only F_y is relevant, as the time for each trial was fixed to
1min. From Fig. 4.7g-h, we observe that the intermediate surgeon performs significantly
better with each of telemanipulation controllers as compared to manual surgery. We also
observe the telemanipulated system helps in reducing variance in F_y for the graduate
student.

Figure 4.8 shows the experimental results for the third experiment in which five subjects
performed telemanipulated membrane peeling with a microforceps for each subject. We use
data from the last block of experiments (Block 6) for each subject as representative of
their performance after the short two-day training and compare it to the performance of
the skilled surgeons in manual surgery for statistical significance. We observe a trend in

reducing F_y from Block 1 to 6 for all subjects. For subjects 1, 2, and 3, F_y in Block
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Figure 4.8. Experimental results for telemanipulated membrane peeling with a microfor-
ceps in the phantom eye for five subjects who have no experience performing membrane
peeling surgery. Blocks 1-3 are performed on Day 1 and Blocks 3-6 are performed on Day
2. Error bars indicate standard deviation between trials.
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6 is significantly lower than F_y recorded in manual surgery for the skilled surgeons. For
subjects 4 and 5, F_y in Block 6 is significantly lower than F_y recorded in manual surgery
for the skilled surgeons, but with lower significance (p < 0.1).

We observe that the upward forces F+y for subjects 1, 2, 3, and 5 in Block 6 is
significantly lower than that of manual surgery performed by the skilled surgeons. Although
no specific instructions were given to the subjects regarding the method of peeling the
membrane, we believe that the instruction to minimize downward forces, i.e., perform the
procedure more delicately, might have been interpreted by the subjects as an instruction to
move slowly when interacting with the membrane, which ultimately resulted in lower F+y.

We observe that Tc is lower on Day 2 compared to Day 1 for all subjects. However, Tc
in Block 6 for each of the subjects is still significantly higher than Tc recorded in manual
surgery for the skilled surgeons.

Figure 4.9 shows the experimental results shown in Fig. 4.8 with data for Subjects 1-5
combined in a single data set. We observe a reducing trend in F_y, Tc, and F+y from Block
1to Block 6. We find that with just five subjects, F_y and F+y in Block 6 is lower than that
of manual surgery performed by the skilled surgeons with a high significance (p < 0.001).
Tc in Block 6 is significantly higher than Tc for manual surgery performed by the skilled

surgeons.

4.4 Discussion
We observed that the high positioning resolution in telemanipulated surgery (particu-
larly in the vertical direction) often resulted in the membrane being grasped and peeled off in
layers, with multiple grasping actions required to peel the membrane, which contributed to

a higher Tc. This never manifested itself with manual surgery. It may be necessary to train

Block

Figure 4.9. Experimental results for telemanipulated membrane peeling with a microfor-
ceps in the phantom eye for subjects 1-5 combined. Blocks 1-3 are performed on Day 1
and Blocks 3-6 are performed on Day 2. Error bars indicate standard deviation between
trials.
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users of the telemanipulator to penetrate deep enough into the retina to grasp the entire
membrane. Additionally, we believe that the clutching required to reset the master-slave
mapping also contributed to higher Tc. Also, it has been shown that positioning stability
and perception of contact with the retina for skilled surgeons are significantly higher than
that of surgically novice users [66]. This could explain the lower Tc for skilled surgeons as
compared to novice users observed in our manual experiments.

Results from our experiments show that subjects performed better than manual mem-
brane peeling surgery when they were trained to use the telemanipulated system over a
limited period of time. In an effort to create a balanced experiment, we randomized our
trials for different controllers, which we believe had a negative influence on the subjects’
performance, since they were constantly having to relearn the current system’s behavior.
Surgeons performing robotic surgery would be trained to perform robotic surgery with
the same system, and their motor skills will not have to compensate for changing system
properties between trials as in our experiments. A drawback of our phantom eye setup
was the lack of visual cues for forces applied on the retina. Surgeons rely on the deflection
and discoloration of the retina as a measure of the force applied during membrane peeling
surgery. This visual cue was lacking from our plastic retina, which could have affected our
results. However, it has been shown that depth perception with visual feedback through a
surgical microscope alone is similar for manual and robotic-assisted retinal surgery [67].

In terms of the achievable precision and velocity at the instrument’s end-effector, our
manipulator compares well with other retinal-surgery manipulators (Table 4.2). During
membrane peeling in manual surgery, instrument velocities have been measured in the
range of 0.1-0.5mm/s [43], which our manipulator is easily capable of achieving. How-
ever, we found that during bulk repositioning tasks, velocities higher than our maximum
of 6mm/s would be desirable, if the goal is to recreate instrument movements similar
to manual surgery. The skilled surgeons found the velocity limit to be an annoyance.
Different kinematics could be used to modify the precision-velocity trade-off. Regardless
of kinematics, the quick-change adapter, disposable-instrument actuators, telemanipulation
controllers, and custom stylus presented here could be utilized with almost any manipulator
kinematics, including many existing systems (Table 4.2). Our system could also incorporate
force-sensing instruments [43] for improved safety.

The augmented controllers were designed to assist in membrane peeling close to the
retina. Although the surgeons saw value in the augmented controllers, they mentioned

that it was harder to get used to the additional damping introduced. Subjectively, they all



Table 4.2. Comparison of robot-assisted retinal-surgery systems. ‘NA’ indicates no publications or images are available.

System

Johns Hopkins [55]

Northwestern [49]

Univ. of Western
Australia [50]

UCLA [A4]
Univ. of Tokyo [52,68]
TU Eindhoven [53]

Univ. of Leuven [15,56]

Columbia/Vanderbilt
[63,69]
TU Munich [13]
Univ. of Utah

Resolution/Precision

< 1~m/3 ~“m

0.2 "m/< 1™"m

0.5“m/NA

NA/NA
5 m/NA
NA/10 ~m

NA/3 ™m

NA/< 5”m

NA/5 ~m
05"m/< 1

Max.

velocity at
the retina

5 mm/s

NA

NA

NA
NA
NA

NA

NA

40 mm/s

6mm/s

Head-
mountable

No

No

No

No
No
No

No

Yes

Yes

Yes

Quick-change/commercial
actuated instruments

Yes/No

No/No

No/No

No/No
No/Yes
NA/No

NA/NA

Yes/Yes

NA/NA
Yes/Yes

Surgeon input

Cooperative or
Telemanipulation

Telemanipulation
Telemanipulation

Telemanipulation
Telemanipulation
Telemanipulation
Cooperative or
Telemanipulation

Telemanipulation

Telemanipulation

Telemanipulation

GG
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preferred the standard telemanipulation controller over the augmented controllers. From our
experiments, we did not find any statistically significant improvement in performance by us-
ing the augmented controllers as compared to the standard telemanipulation controller. The
maximum end-effector velocity was limited by the manipulator velocity and the master-slave
scaling. Additionally, although our artificial membrane approximates epiretinal membranes
in terms of the peeling motions required, it is significantly different in terms of strength. As a
result, users could peel a membrane in a single grasp-and-peel motion, which seldom happens
in actual surgery. Hence, the augmented controllers should be revisited and evaluated for
their performance with a more realistic artificial membrane or with animal studies, or if the
system is capable of achieving higher velocities, which would motivate the potential benefits
of a software brake.

Due to the underactuation of our inexpensive haptic device (6-DOF with only 3-DOF
actuation), we constrained our haptic device to have the same 4-DOF as the instrument’s
end-effector (3-DOF translation + 1-DOF rotation) by mechanically locking the wrist angle
of the haptic stylus. Also, in all of our experiments, the RCM point in telemanipulated
surgery was fixed, and orbital movement of the eye was not possible. As a result, the hand
motions required in telemanipulated surgery with our haptic interface were fundamentally
different than in manual surgery in terms of the coupling between end-effector position and
instrument/stylus angle. The subjects who perform better than manual surgery with the
telemanipulated system also have the least experience in real surgery. Previously developed
retinal-surgery telemanipulation systems have used master devices with 3-DOF translation
+ 1-DOF rotation [68], or with 3-DOF rotation + 1-DOF translation [53], whereas cooper-
ative manipulators and hand-held instruments require the same hand motions as in manual
surgery. It is not clear how the kinematic configuration of the master device affects the
user’s telemanipulation performance; this needs to be investigated further in the context of
retinal surgery, potentially including the need for orbital manipulation.

Master-device kinematics aside, the control authority of the master-device actuators
may also play a role in performance, particularly with the augmented controllers. The
3-DOF actuation of the Geomagic Touch used here is relatively weak, such that the highest
achievable software stiffness binding the Touch’s wrist to the projected end-effector is not
particularly stiff compared to what could be achieved with more expensive haptic interfaces.
As a result, slowing down the end-effector motion, as with the variable-speed controller, also
results in a noticeable mismatch between the master and slave motions.

Experimental conditions in our study were ideal, in the sense that there was no patient
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eye/head movement. In actual surgery, patient head movement has to be compensated for
by the surgeon. We hypothesize that all performance metrics will degrade in manual surgery
when patient eye/head movement is involved, whereas a head-mounted telemanipulator will
likely show comparable performance to the results obtained here. Regardless, we show that
completion times for telemanipulated surgery are already comparable to manual surgery for
subjects who are inexperienced in performing actual surgery.

One of the primary motivators for robot-assisted retinal surgery is to prevent the rare
mistakes that can happen during manual surgery, potentially leading to surgical compli-
cation or vision loss. Sudden eye/head movement is only one potential cause of such
a mistake. These rare mistakes can be difficult to capture and characterize during a
structured experiment, but we see some indication of this when we consider the results
of the intermediate surgeon using the DDS on Day 2, shown in Fig. 4.7h; we see a large
spike in downward force with no apparent reason. This is the type of mistake that can be
prevented with a robotic system.

In all our experiments, subjects manually manipulated a light probe in the phantom
eye with their left hand while either manually or telemanipulating the instrument with
their right hand. This directly injects human hand tremor into the system, and also
leads to bending of the delicate instruments when they do not work in concert, resulting
in unintended motion at the end-effector. To truly demonstrate the capabilities of the
telemanipulated system, all manual interaction should be removed by telemanipulating
both instruments.

Because of the fixed trocar point in telemanipulated surgery, the motion of the eye-
ball was negligible. This resulted in clear visualization of the retina, which the surgeons
appreciated. The skilled surgeons believe that because of the higher completion time, the
telemanipulated system in its current form might not be clinically feasible for the membrane
peeling procedures which they are skilled at performing. They believe that the system will
be useful for experimental procedures like retinal vein cannulation and gene therapy, which

are difficult for even skilled surgeons because of the high precision required.

4.5 Conclusion
In this paper, we have presented a telemanipulation system for retinal surgery that uses
unmodified commercially available instruments. The system is compact and light enough
that it could reasonably be made head-mounted in future work to passively compensate for
head and eye movements. Two actuation mechanisms were developed that enable the system

to use commercially available actuated instruments, and a quick-change instrument adapter
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was developed that enables change of instruments during surgery. The instrument actuation
mechanisms and quick-change instrument adapter could be easily adapted to work with
existing retinal-surgery systems. Our experimental results with a force-sensitive phantom
eye show that telemanipulated surgery shows promise in reduction of peak downward forces
on the retina as compared to manual surgery for surgically novice users, and training with

the system results in improved performance.
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CHAPTER 5

EFFECT OF HAPTIC-INTERFACE
KINEMATICS ON PERFORMANCE
IN TELEMANIPULATED
RETINAL SURGERY

5.1 Introduction

Minimally invasive surgical procedures of the retina—including, but not limited to,
peeling of membranes, cannulation for retinal-vein occlusions, and repair of retinal tears—
involves inserting instruments into the eye through trocars on the sclera. With these
instruments, surgeons manipulate delicate structures that can range from 0.5”m to a few
hundred micrometers [45, 46] (Fig. 5.1). Additionally, surgeons must pivot the instruments
about the trocars to reduce excessive stress on the scleral tissue, and reduce unwanted eye
motion for a stable visualization. Procedures like membrane peeling require delicate and
accurate motions of the instruments by the surgeon. For example, scraping membranes
with a diamond-dusted scraper requires motions similar to painting with a brush. Grasping
the membrane and peeling it with a forceps requires slow controlled movements just above
the surface of the retina to reduce fragmentation of the membrane. The curvature of
the retina poses a challenge to the surgeon, especially to inexperienced surgeons who
often fail to compensate for the curvature. To perform the complex motions required in
retinal surgery, surgeons use a combination of rotary and linear motions to achieve the
desired end-effector motion while trying to minimize motion at the trocar. As a result,
retinal-surgical procedures are difficult, and it take years of training to master.

To improve surgical outcomes in retinal surgery, a number of research groups have
developed robot-assisted retinal-surgery systems—including both telemanipulated systems
[13,15,49,52,53,70], and cooperative manipulators [55,56] that could be used in a tele-
manipulated approach—which have been shown to improve positioning precision in retinal

procedures. There are two primary potential benefits that motivate telemanipulated surgical
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Figure 5.1. Membrane-peeling surgery. (a) Surgeons use a combination of three rotary and
one translational motions of the instrument to achieve the desired instrument motion inside
the eye while trying to maintain the trocar point stationary. Modified version of image
courtesy James Gilman, CRA, FOPS. (b) Membrane-peeling surgery as seen through a
surgical microscope. Image courtesy Nikhil Batra, M.D.

systems relative to both manual surgery and cooperative manipulators. The first is the
ability to scale down the motion of the surgeon’s hand to improve precision, which can
be combined with filtering for additional tremor reduction [56]. The second is the ability
to provide “intuitive” control directly over the end-effector of the instrument, as opposed
to controlling the less-intuitive inverted motion of the instrument's handle. This potential
benefit is motivated by the intuitive nature of robotic systems such as the da Vinci Surgical
System compared to manual laparoscopic surgery. However, as we show in this paper, how
to implement intuitive control of the end-effector is not trivial, and a recent study suggests
that we should not automatically assume that telemanipulated retinal-surgery systems are
more intuitive than cooperative manipulators [56].

The trocar constrains the instrument to a point on the surface of the eye, kinematically
removing two degrees-of-freedom (2-DOF), leaving only 4-DOF to define the pose of the
instrument. These 4-DOF include the 3-DOF orientation about the center of the trocar—
this orientation is typically controlled using a remote-center-of-motion (RCM) mechanism
[55], or a “virtual RCM” implemented in software—and an additional 1-DOF translation
through the trocar, as depicted in Fig. 5.1. For intuitive control of the instrument’'s end-
effector, these 4-DOF are mapped to the 3-DOF Cartesian position of the end-effector, and
the 1-DOF rotation of the end-effector about the axis of the instrument’s shaft. That is,
once the surgeon establishes the position of the end-effector, 2-DOF of its orientation are
constrained. (Note that this is true of rigid instruments, but it is not the case when using
“intra-ocular dexterity” devices [70].) The precise manipulators used for retinal surgery
typically have limits on achievable velocity (relative to achievable velocity of the human

hand), so it is typically desirable to utilize a haptic interface that has, at a minimum,
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actuation in the 3-DOF Cartesian position to convey the instrument’s constrained velocity
to the surgeon.

Due to the kinematic constraints imposed by the trocar, there is not a unique “correct”
mapping from the 6-DOF pose of the surgeon’s hand to the 4-DOF pose of the end-effector.
As a result, different research groups have utilized different haptic-interface kinematics in
their respective telemanipulation systems; these choices have typically been made with
some rationale, but without rigorous justification. The three most common haptic-interface

kinematic are as follows.

51.1 4-DOF Virtual Trocar

Constrain the haptic interface to have the same kinematic constraints as the instrument.
As the 3-DOF position of the end-effector and 1-DOF rotation about the instrument’s shaft
axis is controlled, the 2-DOF orientation of the haptic interface’s stylus matches that of the
instrument through the trocar, effectively creating a virtual trocar in the haptic interface’s
workspace. The potential benefit of this type of haptic-interface kinematics is that there
is always a one-to-one mapping between motions of the haptic interface and motions of
the instrument, and there is always a direct correspondence between the pose of the stylus
in the surgeon’s hand and the instrument being observed in the microscope. This can be
accomplished independent of master-slave scaling, since rotations are invariant to scaling.
Research groups in [14] and [15] use this approach by implementing a mechanical kinematic
constraint to act as the trocar in their custom haptic interfaces. These kinematics can also
be implemented in software with a haptic interface with 6-DOF actuation, but these devices

tend to be relatively large and expensive.

5.1.2 6-DOF Underactuated

Utilize an inexpensive haptic interface that has 6-DOF motion but only 3-DOF actua-
tion. The most common example of this type of interface is the Geomagic Touch (formerly
the PHANTOM Omni). The actuated 3-DOF Cartesian position of the stylus’ gimbal (i.e.,
wrist) is mapped to the 3-DOF Cartesian position of the instrument's end-effector, and the
sensed-but-not-actuated rotation about the stylus’ axis is mapped to the rotation of the
instrument about its shaft axis. This method leaves the 2-DOF “pointing” orientation of
the stylus free; the surgeon can rotate the stylus’ unactuated 2-DOF gimbal without any
motion of the instrumentkdeals.net/ resulting, which has the potential to lead to confusion.
Additionally, the orientation of the stylus in the surgeon’'s hand will not be aligned with

the orientation of the instrument observed in the microscope in general, which could also
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contribute to confusion. Potential benefits of this type of haptic interface include low
cost and compact size. The research group in [16] used this approach with a custom haptic

interface that effectively utilizes the same kinematics and actuation of the Geomagic Touch.

5.1.3 4-DOF Separable

Utilize a haptic interface that is essentially two decoupled interfaces—a 3-DOF Cartesian
interface that is mapped to the 3-DOF Cartesian position of the end-effector, and a 1-DOF
rotation that is mapped to the 1-DOF rotation about the instrument’s shaft axis. Our
group recently implemented such a haptic interface by mechanically locking the gimbal
of a Geomagic Touch to eliminate 2-DOF [61]. Unlike with the 4-DOF Virtual Trocar
kinematics, there is no attempt here to align the stylus’ 2-DOF pointing orientation with
that of the instrument (which we have established cannot be controlled independently of the
end-effector’s position). This method is motivated by studies that show that translations
and rotations are separable in the human mind [71,72]. The potential benefit of this type of
haptic interface is that there is a one-to-one mapping between motions of the haptic interface
and motions of the instrument, unlike with the 6-DOF Underactuated kinematics, but with
the same low cost and compact size of the 6-DOF Underactuated interfaces. However, using
this method, there is not perfect correspondence between the 2-DOF pointing orientation
of the stylus in the surgeons’s hand and the orientation of the instrument observed in the
microscope, which could lead to confusion.

In [61], we developed a compact retinal-surgery telemanipulator, which was telemanip-
ulated using a gimbal-locked Geomagic Touch haptic interface with 4-DOF, as described
above. In our experiments, we found that subjects who were inexperienced in real reti-
nal surgery performed better (in certain metrics of success) than expert surgeons who
had performed a significant number of real surgeries. Additionally, the expert surgeons
complained that the restrained gimbal prevented them from using their own wrist motions
efficiently. This led us to question the efficacy of locking the stylus’ gimbal to enforce 4-DOF
motion, and ultimately led to the study in this paper. We previously hypothesized that the
4-DOF Virtual Trocar kinematics would be the best (albeit most expensive) option if it were
available, and that the 6-DOF Underactuated kinematics would be the worst option due
to the seeming disconnect between 6-DOF hand motions and 4-DOF instrument motions.
However, as we will show, this hypothesis was incorrect.

In this paper, we study operator performance on a positioning task that simulates
motions used in retinal surgery. We compare performance using the three different haptic-

interface kinematic introduced previously. The retinal-surgery manipulator introduced
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in [61] is used in the experiments, and the different haptic-interface kinematics are imple-
mented, in software, on a PHANTOM Premium 6DOF haptic interface. We present results
from an experiment with 12 human subjects, using a variety of performance metrics designed
to quantify the subjects’ ability to perform precise and efficient motions representative of
retinal surgery. The conclusion of our study is that the 6-DOF Underactuated kinematics,
which is a simple, compact, and inexpensive option, leads to the best overall performance.

However, we provide discussion with caveats to this conclusion.

5.2 Methods
5.2.1 Subjects
An experiment is performed by 12 (4 female) right-handed subjects with ages ranging
from 23 to 42 years, recruited from the university population, with the approval of the
institutional review board. Subjects had normal touch sensation and normal (corrected)

vision, by self-report. Subjects were not compensated for their participation.

5.2.2 Apparatus

5.2.2.1 Retinal manipulator

The manipulator (Fig. 5.2), developed in [61], comprises a 3-DOF translation stage
and a 3-DOF spherical wrist, which enables the manipulator to position the instrument
inside a 20-mm-diameter spherical-section bowl centered on the retina with a virtual RCM
on the surface of the eye (a sphere of 25.4-mm diameter). The positioning precision
of the manipulator while performing constrained motion near the retina is <1 ~m, and
the maximum velocity at the end-effector is 6 mm/s. Because the manipulator utilizes

piezoelectric stick-slip actuators, it effectively behaves as an admittance-type device.

5.2.2.2 Telemanipulation system

A PHANTOM Premium 6DOF is used as the master haptic interface to telemanipulate
the retinal-surgery slave manipulator. A master-slave position controller is implemented
in which the scaled slave end-effector position is mapped as a proxy point in the master
workspace, and a software spring-damper (Kp = 0.1N/mm, Kd = 0.004N-s/mm) is im-
plemented between the proxy and the position of the haptic-interface gimbal. The scaled
position of the master’s gimbal is given as a position command to the slave’s end-effector.
The orientation of the stylus is set according the haptic-interface kinematics used, as de-
scribed below. A low-level controller is implemented to servo the end-effector to the desired

Cartesian position in its workspace. A clutch (foot pedal) is used to engage/disengage the
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Figure 5.2. Experimental setup of the retinal-surgery system. The surgeon looks at
the phantom retina using a stereo microscope, and telemanipulates the end-effector of
the instrument using the PHANTOM Premium 6DOF haptic interface under different
software-controlled kinematics to interact with a force-sensitive phantom retina.

slave from the master. The RCM movement of the instrument about the trocar is handled
in software. A master-slave scaling of 8:1 was chosen such that the task would not require
repositioning of the master during a trial. For reference, an 8:1 scaling was used in [61], and
a 7:1 scaling was used in [53]. An instrument with a tungsten probe at the tip was used as
the end-effector for experiments in this study.

Three different haptic-interface kinematics as described in Section 5.1 were implemented
in software. Figure 5.3 shows the orientation of the haptic-interface stylus when the end-
effector is at different points on the retina. With the 4-DOF Virtual Trocar kinematics, a
trocar point is mapped to the workspace of the haptic interface, and the required orientation
of the stylus is calculated based on the trocar point and the end-effector position. A
software spring-damper (Kp = 4000N/rad, Kd = 15 N-s/rad) is implemented on the two
master gimbal joints to achieve the desired orientation for the stylus. The result is that
the orientation of the stylus matches the orientation of the instrument on the manipulator
at each instant as can be seen in Fig. 5.3i— In our experiments, a fixed trocar point is
used. With the 6-DOF Underactuated kinematics, the operator is free to rotate the stylus
as they wish. With the 4-DOF Separable kinematics, the gimbal joints of the interface
are fixed at a constant value relative to the previous link, which simulates a mechanical
gimbal lock, using the same gimbal controller gains described above (Fig. 5.3m-p). Because
of the specific haptic interface used, the orientation of the stylus at points 1 and 2 on

the retina are similar with the 4-DOF Virtual Trocar and 4-DOF Separable kinematics,
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Figure 5.3. Relation between end-effector and stylus orientations. (a)-(d) Illustration
of the end-effector at different target points on the retina. (e)-(h) Microscope image of
the phantom retina with the end-effector at different target points as shown in (a)-(d),
respectively. The black dots (~100~m) are the target points to which the subjects
move the end-effector, labeled in (f) and (h). The haptic-interface stylus orientations are
shown in (i)-(lI) for the 4-DOF Virtual Trocar kinematics, and in (m)-(p) for the 4-DOF
Separable kinematics, for the end-effector positions in (a)-(d), respectively; with the 6-DOF
Underactuated kinematics, the orientation of the stylus is controlled by the operator, and
hence not shown. The blue dot in the center of the gimbal indicates the point on the
haptic interface that is mapped to the end-effector of the manipulator (i.e., the tip of the
instrument), and the grey region indicates the gripping area on the stylus.
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whereas the orientations are approximately mirrored about the XY plane at points 3 and
4. In all three haptic-interface kinematics, the roll joint on the stylus is locked in software
(Kp = 4000N/rad, Kd = 15N-s/rad) since rotation of the instrument about its shaft axis

is not relevant for the Cartesian positioning task used in this study.

5.2.2.3 Phantom Eye

A phantom eye setup is used to simulate the retina in this study [61]. The setup
consists of a plastic retina with the curvature of a 25.4-mm sphere, which is mounted on
an ATI Nanol7 SI-12-0.12 force/torque sensor (noise < #4mN). A 0.5-mm-thick silicone
layer (Dragon Skin 30, Smooth-On Inc.) is attached to the plastic retina to simulate the
deformable behavior of a real retina. The stiffness of the silicone layer is different from
that of an actual retina, and hence, the forces measured in this study can only be used for

comparisons within this study.

5.2.3 Procedure

During the experiment, subjects telemanipulated the tip of the tungsten-probe instru-
ment of the retinal manipulator while visualizing the retina through a microscope. The
subjects were instructed to hold the stylus of the haptic interface like a pen. In each trial,
the subject had to move the end-effector from one point to another on the surface of the
retina (Fig. 5.3a-d). Trials were performed in the X direction (point 1 to point 2) or the
Z direction (point 3 to point 4). At the start of a trial, the end-effector was automatically
positioned at the start point (point 1 or 3), and subjects were instructed to move the probe
tip to the end point (point 2 or 4, respectively) along a straight line as viewed from above
while maintaining contact with the silicone retina. The subjects were instructed to touch
the retina as delicately as possible without breaking contact, while drawing as straight a line
as possible to the target, and they were instructed to take as much time as necessary to do
so. An audio alarm was played when the downward force on the retina was less than 4 mN
(the sensor’s noise level), indicating the probe tip was not touching the retina sufficiently.
Subjects were instructed to note the deformation of the retina as an indication of excessive
downward forces.

Ten trials were performed per subject for each combination of direction and haptic-
interface kinematics. Six permutations of the order of the three different haptic-interface
kinematics are possible, and two subjects perform each particular order. The order in
which the two different directions are assigned for a particular haptic-interface kinematics

was randomized, and all the ten trials for a particular direction are performed together,
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followed by the next direction. After changing to a new haptic-interface kinematics, subjects
were given a 5-min trial period with the new system.

Points 1, 2, 3, and 4 were determined by the experimenter by touching the points on
the surface with the probe tip and registering the positions in software before the start of
experiments, and were the same for all the subjects. The distance between point 1 and
point 2, and point 3 and point 4, was 11 mm. During experiments, the sclera of the model
eye [61] was removed after registering the trocar position to provide an unhindered view of
the silicone retina and to eliminate the need for a fiber-optic light source.

At the end of the experiment, subjects were asked to rate the different haptic-interface
kinematics in terms of the most comfortable and the least comfortable, and the haptic-
interface kinematics in which they thought (subjectively) that their control of the probe tip

was best and worst.

5.2.4 Measures

To evaluate performance, we use a variety of metrics to quanitfy the deviation of the
probe tip from the desired straight-line path as viewed from above, the ability to follow the
curvature of the retina while controlling the forces applied on the retina, and the completion
time for a trial. Figure 5.4a and 5.4b shows the path taken by the probe tip and the force
data, respectively, during a typical trial in which the subject is telemanipulating the probe
tip from point 3 to point 4. Data in a trial were analyzed only after the probe tip moved a
distance of 1mm from the start point.

To measure deviation from the desired straight-line path as viewed from above, we
compute the mean deviation (d) and the maximum deviation (dmax) of the probe tip from
a vertical plane passing through the two points of interest (see Fig. 5.4a). A low value for
d and dmex is desirable.

To measure the ability of the subject to follow the curvature of the retina, we use the
fraction of the completion time for a trial for which the probe tip is not in contact with the
retina (rnc). The end-effector is considered to be not in contact with the retina if the force
magnitude on the retina is less than 4 mN. A value of Thc = 0 would mean that the subject
maintained contact with the retina throughout the trial (never hearing the audio alarm),
and Tnc = 1 would indicate that the audio alarm was on for the entire trial and the subject
did not maintain sufficient contact. An ideal subject touching the retina as delicately as
possible would have a value of Thc = 0.5 approximately, indicating that the subject could

perfectly track the curved retinal surface with a delicate touch.
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Figure 5.4. Typical experimental trial. (a) Position of the probe-tip (solid red line) as the
subject telemanipulates it from point 3 to point 4 (blue crosses connected by blue dashed
line). (b) Corresponding force data from the phantom retina segmented above and below
the threshold force.

To evaluate the subjects’ ability to control downward forces applied on the retina, we
look at the mean downward force (F) and the maximum downward force (Fmex) in a trial
(see Fig. 5.4b). Only force magnitudes above the threshold of 4mN are considered for
calculating F and Fmax. A low value for F and Fnex is desirable. We also note that Tnc
should be taken into account when evaluating force results (e.g., a seemingly good mean
force could result from poor contact being maintained).

Finally, we look at the total completion time (T) for a trial. Although subjects were
instructed to take as much time as required to complete a trial, the completion time gives

us information about the intuitiveness of the different haptic-interface kinematics.

5.3 Results
Figure 55 shows the experimental results for all conditions and subjects. We find a
strong effect of the direction of the motion of the probe tip (X vs. Z), so the results for each
direction are analyzed separately. An independent-samples t-test was used to compare the

different kinematics, using a significance level of a <0.05.
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5.3.1 Ability to follow a desired path

We find that the mean devation from a straight path as viewed from above (d) is
significantly higher with the 4-DOF Virtual Trocar kinematics than with both of the
others for motions in the Z direction (Fig. 5.5a). d is significantly lower with the 6-DOF
Underactuated kinematics than with both of the others for motions in the X direction. We
find that the maximum deviation from the straight path (dmex) is significantly lower with
the 6-DOF Underactuated kinematics than with both of the others for motions in both the
X and Z directions.

We find that the fraction of time for which the end-effector is not in contact with the
retina (Tnc) is significantly lower (i.e., farther from 0.5) with the 6-DOF Underactuated
kinematics than with both of the others for motions in the Z direction. However, Tnc is
significantly higher with the 6-DOF Underactuated kinematics than with both of the others
for motions in the X direction, and it appears that it is in this direction that subjects have
the most difficulty following the curved retinal surface (based on this metric).

By looking at the results for d, dmax, and Tnc in their totality, we conclude that the
6-DOF Underactuated kinematics leads to the best overall performance in terms of being
able to precisely control the end-effector of the instrument along a desired path on the

surface of the retina.

5.3.2 Force applied to the retina

We find that the mean downward force on the retina (F) is significantly lower with the
6-DOF Underactuated kinematics than with the 4-DOF Virtual Trocar kinematics, which
is in turn significantly lower than with the 4-DOF Separable kinematics for motions in the
X direction (Fig. 5.5c). We find that the maximum downward force on the retina (Fmax) is
significantly higher with the 4-DOF Separable kinematics than with both of the others for
motions in the Z direction. Frex is significantly higher with the 4-DOF Separable kinematics
than with the 6-DOF Underactuated kinematics in the X direction (Fig. 5.5d). We also
note that the maximum forces are an order of magnitude larger than the sensor’s noise. By
looking at these results together, we find that the 6-DOF Underactuated kinematics leads
to the best performance in terms of being able to precisely control (and limit) the force

applied to the retina, and the 4-DOF Separable kinematics leads to the worst performance.

5.3.3 Completion time
We find that the completion time (T) for motions in the Z direction is significantly higher

with the 4-DOF Separable kinematics than with both of the others (Fig. 5.5e). We believe
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that these poor results are likely because subjects cannot use changes in hand orientations
to control the center of the gimbal, and as a result, they have to translate their entire
hand, which requires slower movements to be precise. It is also possible that the incorrect
orientation of the stylus during motions in Z (see Fig. 5.30-p) causes the operator to slow
down. We note that the longer completion time did not correspond to more precise motion
or better force control, and conclude that the 4-DOF Separable kinematics performs the

worst in terms of completion time.

5.3.4 Qualitative assesment of different kinematics
The majority of subjects (92%) found the 6-DOF Underactuated kinematics to be
the most comfortable to use and believed that they had best control of the end-effector
with these kinematics (58%). The majority of subjects found the 4-DOF Virtual Trocar
kinematics to be the least comfortable (58%) and believed these kinematics resulted in
the worst control over the end-effector (67%). The qualitative surveys clearly point to the
6-DOF Underactuated kinematics being the most preferred, and the 6-DOF Virtual Trocar

being the least preferred.

5.3.5 Summary of results
We find that for a task that is reminiscent of tracing the surface of the retina while
applying a gentle force, the subjects’ performance was best with the 6-DOF Underactuated
kinematics, and the subjects also preferred these kinematics over the others considered.
After the 6-DOF Underactuated kinematics, subjects’ performance was best with the 4-DOF
Virtual Trocar kinematics; however, subjects subjectively preferred these kinematics the

least of the three considered.

5.4 Discussion

The hand motions required (and permitted) with the three haptic-interface kinematics
are quite different from each other. With the 4-DOF Virtual Trocar, the subjects use
coupled translations and rotations of the hand/wrist to move the stylus such that the
orientation constraint on the stylus due to a fixed trocar point was satisfied. With the
6-DOF Underactuated kinematics, it was observed that the subjects typically used wrist
rotations to move the stylus, as the orientation of the stylus is set by the subject as desired.
With the 4-DOF Separable kinematics, the subjects had to largely use translations of the
hand to move the stylus. This difference in the type of motion required by the subjects likely

explains the degraded performance with the 4-DOF Separable kinematics, as maintaining
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precision while using translation hand movements (i.e., arm movements) is difficult. This
is supported by prior research which shows that movement time for a task is lower with
wrist motions compared to arm motions as the task difficulty increases [73,74]. Due to the
kinematic similarity between the 4-DOF Virtual Trocar and 4-DOF Separable kinematics
in the X direction, they show similar performance across metrics in the X direction, as
expected.

It should be noted that the subjects in our study were surgically inexperienced, and the
outcomes, in terms of the objective and subjective metrics, could be different for experienced
retinal surgeons.

In our study, the 4-DOF Virtual Trocar kinematics were implemented in software using
a fully actuated PHANTOM Premium 6DOF haptic interface. We must be cautious that
our results may be affected by that implementation, and may not apply directly to custom
4-DOF Virtual Trocar interfaces that implement the kinematics mechanically. In a software
implementation, end-effector motions require simultaneous translation and rotation motions
of the stylus. Because the haptic interface used in this study is an impedance-type device,
the orientation constraint on the stylus has limited stiffness. Any error in the orientation
between the stylus and the desired orientation will cause a restoring torque on the stylus
opposing the movement of the stylus by the subject away from the desired orientation.
For instance, if the subject attempts to move the stylus with a pure translation, without
permitting the controller to properly orient the stylus, a torque will be applied on the
stylus to reduce its orientation error. Alternatively, if the subject attempts to use mainly
rotary motion of the stylus, like observed with the 6-DOF Underactuated kinematics, a
restoring torque will be applied against the pure rotary motion of the stylus induced by
the subject. This effect is pronounced if minimal master-slave scaling is implemented, since
a small translation of the end-effector (and thus the stylus) corresponds to a relatively
large change in instrument (and thus stylus) orientation, which can result in large restoring
torques. For the 8:1 master-slave scaling used in this study, the restoring torques seemed
negligible. We believe that the combined effect of the restoring torques and the complexity
of movement required with the 4-DOF Virtual Trocar kinematics contributed to the low
scores in its subjective qualitative assessment. It is possible that a haptic device that is
capable of rendering stiffer environments could lead to better outcomes with the 4-DOF
Virtual Trocar kinematics implemented in software.

Until this point, we have neglected an important component of retinal surgery: orbital

manipulation. During retinal surgery, surgeons often rotate the eye (under the stationary
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microscope) to better visualize a specific location on the retina, and then perform precision
tasks at that new location. This is accomplished by using the two instruments, acting in
concert, to apply forces on the trocars. So although the instrument movements considered
in this paper were only 4-DOF, a surgeon utilizes the full 6-DOF pose of an instrument to
perform retinal surgery (2-DOF for orbital manipulation, and 4-DOF for movement within
the eye). This means that any retinal-surgery robot should also be capable of manipulating
the 6-DOF pose of the instrument, if orbital manipulation is required. However, this does
not necessarily mean that the master haptic interface in a telemanipulated retinal-surgery
system must have 6-DOF. If the intent is to recreate the method of manual orbital manipu-
lation at the master, the most obvious way to accomplish it is using a 6-DOF fully actuated
haptic interface, such as the PHANTOM Premium 6DOF used in this paper. It would
be difficult to recreate manual orbital manipulation using a 6-DOF Underactuated haptic
interface, such as a Geomagic Touch, since it is not possible to render trocar forces to the
stylus and it is not possible to enforce coordination of the styluses of the left and right hands.
However, one could imagine methods in which orbital manipulation could be accomplished
in a telemanipulation scenario that do not attempt to recreate the haptics of manual orbital
manipulation—methods that could be implemented with 6-DOF Underactuated interfaces
or custom 4-DOF interfaces—using clutching techniques that decouple orbital manipulation
from precision instrument motions. In any case, the results of the study in this paper should
be considered not only in determining the type of haptic interface to use in a retinal-surgery
telemanipulation system, but also how that interface is controlled during tasks that require

high precision.

5.5 Conclusion

We have studied operator performance during a task reminiscent of telemanipulated
retinal surgery with three different haptic-interface kinematics that have been utilized in
prior systems. The different kinematics were implemented in software on a PHANTOM
Premium 6DOF haptic interface. An instrument attached to a retinal-surgery manipulator
was telemanipulated to perform a precise positioning task on a force-sensing phantom retina.
Results from a study with 12 human subjects show that the subjects’ overall performance
was best, in terms of the ability to precisely and quickly trace a desired path on the curved
surface of the retina while applying gentle forces, with the kinematics that represent a
compact, inexpensive, and commercially available option, and that subjects’ subjective

preference agrees with the objective performance results.



CHAPTER 6

RECOMMENDATIONS FOR FUTURE
WORK

The retinal manipulator developed in Chapter 4 was designed to be head-mountable.
The head-mounting of the retinal manipulator will mitigate complications due to movement
of the patient’s head relative to the instrument. Due to head movement, the high resolution
of the manipulator cannot be capitalized on for procedures like retinal vein cannulation,
which requires inserting a delicate needle in a retinal vein that measures less than 100 ~m
in diameter. Spontaneous retinal venous pulsations have shown to change the diameter
of retinal veins [75]. So even after head-mounting the manipulator, retinal venous pulsa-
tions can cause unintended relative motion between the instrument and the retina. The
head-mounting mechanism needs to be developed and the hypothesis that head-mounting
a manipulator will sufficiently remove unintended relative motion between the instrument
and the retina enabling efficient cannulation of retinal veins has to be tested.

In our experiments, we observed that the maximum velocity of our manipulator was
not sufficient for bulk repositioning tasks during simulated membrane peeling surgery. The
maximum velocity at the end-effector is limited by the maximum joint velocities which are
relatively low. Tasks that require high resolution are generally performed at low velocities,
and tasks that require high velocities do not generally require high resolution. A potential
kinematic design for the manipulator could use additional degrees of freedom to modify the
structure of the manipulator such that the trade-off between resolution and velocity at the
end-effector can be choosen based on the task.

The studies presented in this work have not addressed an important requirement in
retinal surgery: accessing the periphery of the retina. In real surgery, surgeons rotate
the eye with the instruments inserted into the eye (known as orbital manipulation) to
visualize and access the peripheral retina. Two different approaches can be used to access
the peripheral retina in robot-assisted retinal surgery: (1) rotate the eye as in manual

retinal surgery by moving the trocar on the sclera, or (2) develop an actuated vision system
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that visualizes the peripheral retina without moving the eye. Although our manipulator is
capable of moving the trocar on the surface of the eye, rotating the eye with instruments
inserted into the eye will require multiple manipulators for coordinated movement between
the different instruments inserted. With an actuated vision system, a manipulator with a
larger workspace, or an end-effector with high intraocular dexterity [70], will be required
to access the peripheral retina. An actuated vision system has been developed for robot-
assisted cataract surgery [76], and a similar system could potentially be used for visualization
in retinal surgery. However, it is not clear which of the two methods described here would
be appropriate for accessing the periphery of the retina in retinal surgery.

The requirements of a haptic interface for retinal surgery needs to be explored further.
Chapter 5 compares different haptic-interface kinematics required for retinal-surgery. Sur-
geons have to use coupled translations and rotations of the hand to achieve the desired
end-effector motions inside the eye. Instrument motions required in different procedures
such as membrane peeling and retinal vein cannulation are significantly different. Retinal
vein cannulation requires slow positioning of a needle close to the retina, followed by
insertion of the needle into a vein. In contrast, membrane peeling requires scraping with
diamond-dusted scraper, which involves relatively fast movements across the retinal surface.
The haptic interfaces for retinal surgery have to be compact if the goal is to incorporate the
system with existing surgical microscopes used to visualize the retina. Further, the haptic-
interface should have provisions for controlling the trocar on the sclera to enable orbital
manipulation. This could be accomplished by a haptic-interface that enables full 6-DOF
control of the instrument, or a system with a clutching mechanism that enables switching
between controlling the end-effector and controlling eye rotation. It is not obvious which of
the two methods would result in the best performance for an operator telemanipulating a
retinal-surgery system.

Finally, other applications in microsurgery could be explored for the telemanipulation
system developed in this work. Owing to the design of our manipulator, software modifica-
tions will enable it to satisfy workspace requirements for other procedures in the eye, such
as cataract surgeries and stent placement for glaucoma, and for certain neurosurgical pro-
cedures [77]. The compact size of the manipulator combined with the ability to be mounted
on a stereotactic frame would address some of the limitations of existing robot-assisted
neurosurgical systems [78]. The capability of the system to be used in procedures other

than retinal surgery will increase its potential for commercialization.



CHAPTER 7

CONCLUSIONS

In this dissertation, we have presented intuitive methods for telemanipulation of manip-
ulators that use piezoelectric stick-slip actuators (PSSAs). A rate-control telemanipulation
method for control of manipulators using PSSAs was developed. The formulation of an
impulsive manipulator Jacobian was explained, which enables us to use open-loop models
of the manipulator to solve for the input number of steps required by the manipulator for
a desired end-effector movement. Experimental results quantifying the effectiveness of the
proposed methods were presented. We found that effective teleoperation is possible despite
inaccurate joint measurements, and we discussed ways to minimize errors.

The effect of static loads on a prismatic and a rotary PSSA was studied, and empirical
model relating the step size to the load was obtained. The actuator-specific parameters of
the model can be calibrated for by taking 14 measurements of the average step size (6 for
the prismatic joint and 8 for the rotary joint) in specific configurations of the manipulator.
The maximum error in the developed load-dependent model for a prismatic and a rotary
PSSA is 15% and 2%, respectively, as compared to 40% and 7% for the prismatic and rotary
PSSA, respectively, when using a model that does not account for the effect of static loads.

To demonstrate the application of PSSAs in retinal surgery, we have presented a telema-
nipulation system for retinal surgery that uses a full range of existing disposable instruments.
The system uses a PSSA-based manipulator that has submicron resolution at the end-
effector, and is compact and light enough that it could reasonably be made head-mounted to
passively compensate for head movements. A soft actuator-based and a stepper motor-based
mechanism were presented that enable the system to use a variety of existing disposable
actuated instruments. An instrument adapter was developed that enables quick-change of
instruments during surgery. The instrument actuation mechanisms and instrument change
adapter can be easily adapted to work with existing retinal-surgery systems. A custom
stylus developed for the Geomagic Touch haptic interface enables intuitive and ergonomic

telemanipulation of actuated instruments. Experimental results for simulated membrane
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peeling surgery with a force-sensing phantom retina show that skilled surgeons perform
as well as manual surgery with the telemanipulated system, and novice surgeons perform
better with the telemanipulated system than manual surgery performed by skilled surgeons
in certain performance metrics. Training with the telemanipulated system was found to
improve operator performance.

We have studied operator performance during a task reminiscent of telemanipulated
retinal surgery with three different haptic-interface kinematics: 4-DOF Virtual Trocar,
which simulates the surgeons hand directly manipulating the end-effector of the instrument
inside the eye; 6-DOF Underactuated, which can be implemented with inexpensive com-
mercial haptic interfaces (e.g., Geomagic Touch); and 4-DOF Separable, which decouples
control of translation and rotation of the instrument’s end-effector in the eye. The different
kinematics were implemented in software on a PHANTOM Premium 6DOF haptic interface.
An instrument attached to a retinal-surgery manipulator was telemanipulated to perform
a precise positioning task on the force-sensing phantom retina. Results from a study with
12 human subjects show that the subjects’ overall performance was best—in terms of the
ability to precisely and quickly trace a desired path on the curved surface of the retina while
applying gentle forces—with the 6-DOF Underactuated kinematics that represents a com-
pact, inexpensive, and commercially available option. The subjects’ subjective preference
agrees with the objective performance results.

The studies presented in this dissertation highlight the potential of PSSA-based ma-
nipulators in microsurgery, and motivate further research required for the realization of a

clinically relevant microsurgical system.



APPENDIX A

KINEMATICS OF 6-DOF RETINAL
MANIPULATOR

In this appendix, we derive the forward kinematics, inverse kinematics, and Jacobian of

the 6-DOF retinal manipulator.

A.1 Forward Kinematics

The 6-DOF retinal manipulator presented in Chapter 4 is a serial-link manipulator
comprising a Cartesian stage with three prismatic joints, and a spherical wrist with three
rotary joints attached distally to the prismatic stage. The manipulator was modeled using
the Denavit-Hartenberg (DH) convention [79] as shown in Fig. A.1, and Table A.1 shows
the DH parameters for the manipulator.

The system shown in Fig. A.1 has seven coordinate frames. Frame O represents the base
frame. Frame 1,2, and 3 are attached to the first, second, and third links, and move along
zo, Zi, and z2 by the joint displacements qi, g2, and , respectively. Frame 4 is attached

to the fourth link and rotates by g4 about z3. Similary, frame 5 and frame 6 are attached

Figure A.1. 6-DOF retinal manipulator. (a) Manipulator in its home position. (b)
Coordinate frames for the manipulator with DH parameters.
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Table A.1. DH parameters for the 6-DOF retinal manipulator. gi represents displacement
of joint i.

i ai ai di AN
1 2 al g 3
2 3 0 @ 3
3 3 0 g O
4 5 0 d4d @
5 ' 0 0 ¢
6 0 0 dé

to the fifth and sixth links, and rotate about z4 and z5 by joint displacements g5 and g6,
respectively.

The measured values for the DH parameters of the manipulator shown in Fig. A.1(b)

are:

al= 0.0589 m
d4 = 0.0912 m
d6 = 0.0603 m

The homogeneous transformation from frame i to i —1 is given by:

cos 6i —sinaicosai sindi sin ai ai cos di

i sin0Oi  cosOicosai —cosOisinai aisinOi
TI = . . f H (Al)

0 sinai cos ai di

0 0 0 1

For the 6-DOF retinal manipulator, the transformation from frame 6 to frame 0 is given
by:

n Ll (A.2)

sg5cqge —sq5sge cos + d4 + decg5
—sgdcgbegb —cgdsqb  sgdcqssg6 —cgdcq6 sg4sgb  ai +  + d6sgdsgb
cgdcgbegb —sgdsq6  —egdegssgb —sgdcgbé  —eg4sgs di —d6cgdsgs
0 0 0 1
(A.3)

where si and ci represent the sine and cosine of gi, respectively. Consequently, we deduce

the forward kinematics for the manipulator as:
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s 7 d2 + d4 + déegs
aw
MB— o — a + d3+ désqdas (A.4)
o di- décgd«gs
R Qo

where 0d@3 is the vector from OO to O6, expressed with respect to frame 0.

A.2 Velocity Jacobian
The Jacobian of the 6-DOF retinal manipulator relating end-effector linear (0d06) and

angular (Ow06) velocities to joint velocities (q) is given by:

_ A.5
g —J (99 (A.5)
Z0 71 72 Z3XdbB Z4 XM6 75 XdH (A.6)
0o 0 0 g y2 5 '
0 10 0 -d6sq5 o 1 g
0 0 1 -déecgd«g5  d6sgdegs 0 )
1 0 0 desS94s95  -déegdeqgs 0 %3 (A7)
00 0 1 0 =<5 U '
0 00 0 oo S94S5 o5
0 0O 0 sg4 -cq4sg5.  .96.

A.3 Inverse Kinematics

The inverse kinematics for the 6-DOF retinal manipulator is solved by decoupling the

motion of the Cartesian stages and the spherical wrist as shown below:

il (A.9)
—
0O 0 1 -91 tl « o @«
0 ~ ~
LOalv®s 2 2 "B U g sresTs (A.10)
1-0 R 3 13
L@
0 0 0 1 0 0 0 1
2Ts- 11T2-1°T1-1 Ta
3L ~p 3 t4- 91
'Ai"‘ 'Afé’" 'A%*’ —12;+ al+ 93
L@
0 0 0 ®1
D456 - SHUSH  -094(5S96 - SHMCH  -C94S%5  -dBegd«qs
S94C5cq6 + B4S%6 -S94(05396 + A6 -S94595  -d6sqd«q5 (A11)
sg5¢ca6 -s05506 cob 4 + décos '
0 0 1
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We first solve for the joint angles of the spherical wrist g4, g5, and 96 from Eq. A.11.

st o5 = b 4 %
cos 95 = 113

95 = atan2(”Ny”21+"t22,tis)

-t23 = -sg4sqg5
= -C<45%
t3
tan 4 =
“ -t33

= atan2(t23, -t33)

% = atan2(-ti2,tii)

(A.12)

(A.13)

(A.14)

When sings = 0 in Eq. A.13, a wrist singularity occurs, and only a linear combination of

¢4 and g6 can be found.

1 Ifg5= 0, then

c(94+'  -s(94 + 9)
(94 + (94 + 96)
3T4 475 5T6 o 0 L s g
0 0 0o 1

A+ B = atan2(-t2i,t3i)

2. I1f 95 = n, then

-c(94 - 96) -s(94 - %) O

srasaTesrs  S(94- %) c9%- % O
0 0 1

0

0 0
A - %6 = atan2(t2i, - t3i)

One possible solution is to arbitrarily set 96 = 0 in Eq. A.16 and Eqg. A.18.

From Eq. A.11, 94, and 95, we can solve for 9i, 92, and 93.

91 = t34 + d6CHMSH
92 = ti4 - d4- d6c9s

93 = t24 - ai - d6s94s95

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)
(A.20)

(A.21)

Thus, we have solved for the joint displacements given the pose of frame 6 with respect to

frame 0.



APPENDIX B

KINEMATIC CONDITIONING DURING
CONSTRAINED MOTION

In this appendix, we discuss the kinematic conditioning of the manipulator for the
constrained manipulation task in retinal surgery. The constrained Jacobian used for char-
acterizing kinematic conditioning was formulated using the restricted Jacobian [80] and task

priority [81] adapted for constrained manipulation in robot-assisted surgery [82].

B.1 Formulation of Jacobian for Constrained Manipulation

The trocar constraint in retinal surgery requires that velocities tangent to the surface of
the sclera at the trocar should be zero. Due to the trocar constraint, only 4-DOF motions
(3-DOF translation and 1-DOF rotation about the instrument’s shaft) are controlled by the
operator, and 2-DOF are used to maintain the trocar constraint.

Consider the tangent plane in R3 to be defined by the trocar point Xt, and a normal to
the plane n. Let Xrcm be a point on the instrument’s shaft that is currently passing through
Xt, and X is the position of the end-effector. Xrcm and X are the velocities at the trocar and

at the end-effector, respectively, given by:

xrem — Jrem((?3¢ (B.1)
X — v (S (B.2)
where Jrcm(g) e R3xn. J($ — jvlo where Jv and Jw are the translational and rotational

submatrices, respectively. J(g) is given by Eq. A.5. For simplicity of notation, Ji(<) will be
referred to as Ji henceforth.

The velocity of the instrument along the tangent plane at the trocar should be zero.

This constraint can be expressed in terms of joint velocities as:

Axrem —AJrom? —Hce[ —O0 (B.3)

A — (B.4)
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where | and m are orthogonal vectors spanning the tangent plane and I x m = n, and H is
the constraint Jacobian at the trocar.
From [82], for a constrained task with primary task Jacobian H and secondary task

Jacobian Jv, the end-effector velocity X is given by:

X = J(f (B.5)

J = Jv(l —H+H) (B.6)
where H + is the psuedoinverse of H given by:
H+= HT(HHT)— (B.7)

In Eq. B.5, the Jacobian at the end-effector Jv is projected on to the null space of the

constraint Jacobian H.

B.2 Scaling Matrices to Normalize Jacobian

Because the manipulator uses a combination of prismatic and rotary actuators, the
elements of Jacobians H and Jv have different units. It was shown in [83] that the condition
number and generalized inverse of the Jacobian matrix are not invariant to change in units.
The concept of a “characteristic length” was proposed in [84], and scaling matrices that
depend on the capabilities of the actuators were proposed in [85] to render the Jacobian
matrix unit invariant. We use scaling matrices as described in [85] to normalize the Jacobian
matrices of our manipulator.

Let AX be the vector of task velocity (Xi) normalized by the maximum task velocity
(Xi,max), and A<f be the vector of joint velocity i) normalized by the maximum joint

(<fi,mex) . AX and A<f are given by:

X = STAX (B.8)

I= SjA<f (B.9)

where ST and SJ are diagonal matrices with maximum task and joint velocities as diagonal

elements, respectively. From Eq. B.2, Eq. B.8, and Eq. B.9:

StAX = JSjAtf (B.10)

AX = S—1ISJIA<f= JInA<f (B.11)

where Jn = S—1JSj is the normalized Jacobian that maps normalized joint velocities to

normalized task velocities. The elements of SJ are obtained from actuator specifications. ST
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can be used to set task-space velocity specifications for a manipulator. For our manipulator,
we used the maximum measured task-space velocities as elements of ST. Sj and ST for the

manipulator are given by:

Sj = diag([0.013m 0.013m 0.013m 026~ 0447~ 044" ) (B.12)

ST = diag([0.006 m 0.006 m 0.006 m]) (B.13)

The normalized Jacobian matrices Jvn and Hn are used to form the normalized constrained

Jacobian in Eq. B.5 as:

(B.14)

B.3 Kinematic Conditioning in the Workspace
To study the conditioning of the manipulator during constrained motion, we look at the

condition number of Jn defined as:
(B.15)

Fig. B.1 shows k for the manipulator for the reachable workspace inside the eye. k reduces
as the manipulator approaches its wrist singularity when the instrument shaft is parallel
to the X axis in Fig. B.1(b). One might presume that k would be maximum when the
instrument shaft is vertical as the wrist of the manipulator is in its best-conditioned pose,
but an algorithmic singularity occurs due to the constraint at the trocar. As a result, k

reduces as the end-effector moves closer to the trocar.
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Figure B.1. Kinematic conditioning for the manipulator. (a) k for the reachable workspace
on the surface of the retina. (b) Due to an algorithmic singularity at the trocar, k reduces

as the end-effector approaches the trocar.



APPENDIX C

VERIFICATION OF PRECISION AND
RESOLUTION AT THE
END-EFFECTOR

In this appendix, we present experiments performed to verify the precision and resolution

at the end-effector attached to the 6-DOF retinal manipulator.

C.1 Precision

To verify the precision of our manipulator, we performed an experiment while imaging
the end-effector (tungsten probe attached using the quick-change adapter) under a VHX-
5000 digital microscope [86]. A virtual RCM point was implemented in the workspace
of the manipulator, and the tool tip was positioned at a distance from the trocar that
is representative of the distance of the retinal surface from the trocar. From an initial
position, the end-effector was commanded to move by 100 microns along an axis, and
then another command was issued to return the end-effector to the initial position. This
was performed five times, and spread in the end-effector position, which indicates the
repeatability/precision at the end-effector, was found to be less than 1 micron. The sequence
of images in Fig. C.1 shows the position of the end-effector before and after the 100 micron
commands were given. Figures on the left column show the initial position of the probe tip
and figures on the right column show the end-position of the probe tip. The blue mesh was
superimposed by the microscope and has a width of 1 micron. The red box was added to
indicate that the position of the end-effector before and after the movement command is
within a micron (within the same box). This experiment shows that the plastic 3D printed

parts are stiff and do not affect the precision of our system.
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Figure C.1. Images from a microscope for verifying precision. (a), (c), (e) Initial position
of the end-effector. (b), (d), (f) Position of the end-effector after two consecutive movement
commands of 100 microns and -100 microns at the end-effector along the Y-axis. The blue
mesh was superimposed by the microscope and have a width of 1 micron. The red box
was added to indicate that the position of the end-effector before and after the movement
command is within a micron (within the same box).
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C.2 Resolution

The resolution at the end-effector for our manipulator is the worst-case resolution of
the linear actuators. This resolution is specific to the controller described in Section 2.3.2.
The maximum sensor resolution on the linear stages are 100 nm, and the linear stages are
capable of moving in 50 nm steps.

The resolution was measured by commanding 10 steps to the linear stages, measuring
the displacement for the 10 steps from joint sensors, and dividing the displacement by 10.
To verify the resolution, the end-effector was imaged under the microscope while commands
were given to the end-effector. The series of images in Fig. C.2 show the displacement of the
end-effector for 10 step commands. It can be seen that the displacement from (a)-(b), and
(b)-(c) is less than 6 microns, and the corresponding displacement from joint sensors was 4.6
microns and 5.5 microns, respectively. This was repeated for 5 trials in each direction, and
the worst-case resolution was found to be 550 nm obtained by dividing the displacement by

10.

(a) (b) ()

Figure C.2. Images from a microscope for verifying resolution. (a) Initial position of the
end-effector. (b) Position of the end-effector after 10 step commands. (c) Position of the
end-effector after another 10 step commands from the position of the end-effector in (b).
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