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Abstract

In vitreoretinal surgery, application of excessive forces and unintentional motion due to hand-
tremor can easily result in serious complications. Robotic assistance when combined with tool-to-
tissue force sensing capabilities has significant potential to improve such practice. In this paper,
we evaluate the membrane peeling performance of a single user for two distinct robotic systems
with integrated force sensing capabilities: Micron and the Steady-Hand Robot. We show that these
systems provide promising performance improvement with similar impact on peeling forces and
comparable tremor cancellation trends.

[. Introduction

Retinal microsurgery involves the manipulation of extremely delicate tissues, which requires
various micron scale maneuvers, precise manual dexterity, fine visual-motor coordination,
and application of forces that are well below human tactile sensation. Among the
vitreoretinal procedures, membrane peeling is a standard task, where the surgeon
delaminates a very thin fibrous membrane on the retina surface by using either a hook or
forceps. During this operation, the instruments are moved very slowly, within a range of
0.1-0.5 mm/s. Unintentional inaccurate tool motion and application of excessive forces can
easily give rise to serious complications such as iatrogenic retinal breaks [2—4], vitreous
hemorrhage as well as subretinal hemorrhage [5]. Hence for a successful operation,
controlled tremor-free tool motion and limitation of applied forces on the retina are two
highly desired features.

In order to reduce physiological hand tremor, provide fine motion control, and consequently
enhance microsurgical accuracy, several robotic systems have been developed by different
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researchers [6—13]. In contrast to these teleoperated approaches, the Steady-Hand Robot was
developed at JHU based on a cooperative control scheme between the surgeon and a stiff
non-backdrivable robot arm [14-16]. Unlike any of these table-mounted systems, Micron
was designed as a fully handheld instrument by Riviere et al. at CMU [17]. This robot could
actively compensate for the motion due to hand-tremor in real time. On the other hand,
focusing on the lack of force feedback problem, a family of instruments with force sensing
capabilities was developed at JHU using fiber Bragg grating (FBG) strain sensors for
measuring the forces directly at the tool tip [18-21].

In this paper, we integrate our force sensing tools on Micron and the Steady-Hand Robot to
compare the performance and identify the limitations of these assistive systems. In the
following sections, we will first present the structure of each system. This will be followed
by the experiments on two types of phantoms, and our performance assessment based on
measured peeling forces. The paper concludes with discussion of the results.

II. INSTRUMENTS

A. Micron

Micron is a handheld actively stabilized 3-DOF micromanipulator developed at the Robotics
Institute at Carnegie Mellon University [17]. The device operates by activating three
piezoelectric actuators based on the sensed motion of the handle. The position of the handle
is determined by ASAP optical sensors. After sensing the tool motion, Micron separates it
into involuntary components, such as hand tremor, and desired components. Then Micron
moves its tip to counteract the involuntary motion component. The workspace of Micron is a
1x1x0.5 mm volume centered on the handle position. The device has about 1 N force
capability, and bandwidth over 100 Hz.

B. Steady-Hand Robot

The Steady-Hand Robot is a cooperatively controlled, table mounted device, where the
surgical tool is held simultaneously by the operator and an actively controlled robot arm.
The robot utilizes XYZ linear stages for translation, a rotary stage for rolling, a tilting
mechanism and a tool adaptor with a force sensor. By sensing the forces exerted by the
operator on the tool, the robot actuates its arm in the direction of forced sensing to provide
tremor-free precise motion control.

C. Force Sensing Tools

In order to measure forces in vitreoretinal microsurgery, a sensing instrument with sub-mN
accuracy is required. The limited space and biocompatibility issues also need to be addresses
in sensor selection. The force sensor has to be able to pass through a 23 Ga or 25 Ga
sclerotomy opening so that the sensor can be located close to the tool tip. Only in this way
can force measurements pertain solely to the instrument’s tip, with no contribution from the
sclera. Under these limitations, we chose using FBGs, which are robust optical fibers
capable of detecting changes in strain. A force sensing hook for Micron and micro-forceps
for the Steady-Hand Robot were built integrating 3 FBG strain sensors on the tool shaft [19,
23]. Due to relative motion of Micron handle and its tool tip, designing a micro-forceps for
this device is quite a challenge, and such a tool is not available yet.

The complete system is illustrated in Fig. 1. During the operation, the sensor data are
collected and processed at 2 kHz and transmitted over TCP/IP. The sensed forces are
converted into auditory signals [20]. Depending on the frequency of the auditory feedback
(AF), the user adjusts tool motion so that the applied forces do not exceed 7.5 mN, which we
define as the border for the danger zone based on our prior in-vivo experience [21].
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lll. Experiments

A. Setup

In order to assess the performance of the Steady-Hand Robot and Micron, a series of
membrane peeling experiments were conducted. The setup for each device is presented in
Fig. 2a and 2b respectively. Being a table mounted system, the Steady-Hand Robot has a
larger footprint as compared to the hand-held Micron. On the other hand, Micron requires
additional equipment, ASAP optical sensors, for tracking the tool motion. In both systems,
the applied forces are monitored by using an FBG optical sensing interrogator, sm130-700
from Micron Optics Inc. (Atlanta GA). The tests were done on two types of phantoms,
which have previously been reported to be suitable surrogates for an epiretinal membrane
(Fig. 3): bandage phantom [20], and inner shell membrane (ISM) of 12-day old chicken
embryo [21].

Bandage Phantom—This phantom has 2 mm wide strips that are produced by slicing
sticky tabs from 19 mm Clear Bandages (RiteAid brand). At the end of each strip, there is a
flap for holding/grasping. Each strip can be used several times without significant change in
the required force.

ISM of Chicken Embryo—The eggshell is removed gently to access the ISM chicken
embryo. Under the thin ISM layer, there is chorioallantoic membrane (CAM), which serves
as a good surrogate for retina. Peeling the ISM off without breaking the CAM is similar to
the challenge involved in the epiretinal membrane peeling surgery.

B. Procedure

In this study, we tested the performance of a single novice non-surgeon researcher for
different cases on two different phantom types. The studied cases are summarized in Table I.

Procedure on Bandage Phantom—The subject was asked to peel a 10 mm section of
the bandage strip steadily and without stopping while holding the tool perpendicular to the
peeling direction so that the task is completed with pure transverse loading on the tool tip. 3
cases were studied and 10 trials per case were conducted in random order.

Procedure on ISM of Chicken Embryo—The subject was asked to peel off the ISM
without breaking into the CAM by following a linear trajectory. The tool was again held
perpendicular to the peeling direction to minimize axial forces. 2 cases were studied and 2
tests were done per case. A new embryo was used for each trial and it is assumed that there
is no significant difference between embryos.

For each case, an extensive training period (~3 hrs) was allowed before data collection. The
challenge in all cases was to complete the peeling task by moving the tool with a uniform
velocity (~0.5 mm/s) and by applying forces below the danger threshold (~7.5 mN). Robot
assisted and freehand tests were done in random order. Only in some cases, the user was
provided with auditory feedback whereas force sensing was used only for data acquisition
purposes in the rest. During the experiments, we recorded the tool tip force, position, speed
and video. Based on the video timestamp, we identified the delaminating periods. The forces
measured during these delaminating periods form the basis of our performance evaluation.
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V. Results

A. Membrane Peeling on Bandage Phantom

Measured forces on bandage phantom are shown for all trials in Fig. 4. Consistent
characteristics were visible among the trials in each case. In free hand trials, highly
oscillatory forces exceeding the safety threshold were observed. When the user was supplied
with force information through auditory feedback, some of these forces could be reduced
below the safety limit. In this case, although the user clearly knew the applied force, there
were challenges in controlling the tool motion precisely due to physiological hand tremor.
The assistance of either Micron or the Steady-Hand Robot was able to eliminate this
problem. Compensating for the unintentional high frequency motion, tool control of the user
was greatly improved. In this case, knowing the force level through auditory feedback, the
user was able to complete the task very precisely such that in the delaminating period,
almost all of the forces were kept below 7.5 mN free of high frequency vibrations.

Despite the improvement in tool control while peeling, difficulty in initial grasping was
observed at the beginning of each trial when micro-forceps were used with the Steady-Hand
Robot. The additional inertia introduced on the user hand makes certain maneuvers more
challenging for a novice user. This extra effort can clearly be seen from the first 10 seconds
of case 6 in Fig. 4. On the other hand, being a hand-held tool, Micron has better dexterity
but a more limited workspace. The user can still perform similar maneuvers as a manual
tool, but while paying attention to stay within the boundaries of the workspace. For this
reason, the manipulation problem in case 6 does not exist in case 3.

The hand tremor reduction characteristics for each device can better be seen when the
measured forces are analyzed in frequency domain as shown in Fig. 5. Accordingly,
presence of auditory force feedback does not change the frequency distribution of forces
very much for either the hook or the micro-forceps. However, utilizing robotic assistance
has great impact on the characteristics. The bandwidth of human eye-hand feedback is
usually from 0.5 Hz to 2 Hz [22]. Thus, the region below 0.5 Hz in Fig. 5 represents
controlled actions, whereas frequencies above 2 Hz indicate the unintentional motion of the
user. The postural hand tremor frequency in normal humans is at about 8-10 Hz [22]. The
prominence of a peak at 10 Hz in all freehand trials is primarily due to this reason. When
Micron is used, this peak is eliminated and the high frequency components (2-15 Hz) are
overall reduced by 60-80%. The reduction zone for the Steady-Hand Robot is slightly
broader with a similar reduction ratio as compared to Micron.

B. Membrane Peeling on ISM of Chicken Embryo

Having proven the benefits of force sensing capabilities in the first part of our experiments,
we did all of the trials in this section with auditory feedback. The aim was to account for
heterogeneous tissue properties in our comparison between Micron and the Steady-Hand
Robot by using a more realistic biological phantom. Consequently, we observed
significantly different characteristics for each device as compared with the bandage
phantom.

The measured forces for all trials are shown in Fig. 6. Since all tests were done under
auditory feedback, most of the measured forces were remained successfully below the safety
threshold. However as opposed to our bandage phantom trials, the user had to grasp the
membrane and peel it several times to complete the task, which can be attributed to two
main reasons: First, it is not possible to remove the whole ISM in a single linear peel.
Second, the ISM is more slippery and deformable than the bandage phantom, which makes
it hard to hold firmly. This fact is most apparent while using hook in cases 7 and 8 due to
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inability to grasp ISM with this type of tool. Micro-forceps have performed better in this
respect with only 1-3 delaminating periods in cases 9 and 10.

Frequency analysis of measured forces on ISM is shown in Fig. 7. In all results, an increase
in low frequency oscillations as compared to bandage phantom results is prominent. This is
an expected result of using biological phantom with non-uniform tissue properties. By using
a hook manually in case 7, high frequency oscillations were observed in Fig. 6. However, 10
Hz peak corresponding to the physiological hand tremor is not visible for this case in Fig. 7.
This is mainly due to poor grasping and slippage of the tissue, and resulting disturbance on
the force measurement. But still 40-50% reduction in high frequency oscillations was
recorded with Micron assistance. Using micro-forceps, a behavior that is similar to the
results on bandage phantom is obtained. 10 Hz peak is clearly visible in manual use of
micro-forceps. Utilizing Steady-Hand Robot assistance with this tool has decreased 2-15 Hz
oscillations by 50-60%.

V. DISCUSSION

The acquired force data for each case was analyzed based on average values of five main
criteria, which are summarized in Table Il. On the bandage phantom, using either Micron or
the Steady-Hand Robot have provided similar improvements, which are significant in terms
of reducing the standard deviation of forces (by 63% with Micron and 60% with the Steady-
Hand Robot) and the danger zone percentage (4.97% with Micron and 4.26% with the
Steady-Hand Robot). Hence, a more consistent and safe operation was provided through the
assistance of either robotic system.

In contrast to the consistent peeling environment provided by the bandage phantom, the ISM
of chicken embryo exhibited non-uniform tissue properties. It was more challenging to
manipulate the ISM due to these variations and its slippery deformable structure. For this
reason, the success in decreasing the standard deviation was drastically reduced on ISM (by
13% with Micron and 8.9% with the Steady-Hand Robot). The danger zone percentage was
already low in all trials as compared to the previous cases. Thus, the robotic assistance on
ISM did not provide much benefit in terms of keeping the forces below the safety threshold.
This could be either a difference between the two types of phantoms, or a matter of the
user’s learning curve since ISM tests were done after completion of the bandage
experiments which need to be addressed in future tests.

VI. Conclusion

This paper has reported a performance comparison between two distinct robotic systems:
Micron and the Steady-Hand Robot. Both of these systems were developed for assisting
vitreoretinal surgery, but they differ in numerous important aspects such as size, cost,
control strategy, learning curve and operational performance. In this study, we demonstrated
the performance of a single user for each system in membrane peeling. By measuring the
peeling forces, we analyzed the behavior on two types of phantoms (bandage phantom and
ISM of chicken embryo) in terms of applied forces, physiological hand-tremor reduction
characteristics, and consistency. While both systems have provided similar tremor reduction
and consistency improvement on bandage phantom, Micron performance on ISM was
challenged by the unavailability of forceps tool for this system. Using micro-forceps with
the Steady-Hand Robot has revealed superior performance by holding the tissue firmly and
manipulating it much easily.

The results of our single-user pilot study in this paper are encouraging and provide the basis
for a multi-user study in order to assess the influence of various system parameters, and
inspect the existence of optimal values for different tasks. Upon optimal tuning of each

IEEE Int Conf Robot Autom. Author manuscript; available in PMC 2014 April 01.
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stem, our future work aims at performance analyses on both surgeons and non-surgeons

with extensive comparison criteria including ergonomics, feasibility, workflow, and the
learning curves.
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Figure 1.
System overview with robotic assistance and integrated force sensing. Auditory feedback

(AF) is provided to the user based on sensed forces on the tool tip.
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Figure 2.
Setup for membrane peeling experiments using (a) the Steady-Hand Robot, and (b) Micron.
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Figure 3.
Membrane peeling procedure using bandage phantom (left) and inner shell membrane in
chicken embryo (right).
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Figure4.

Measured peeling forces (blue) using bandage phantom for all trials (10 trials/case).
Auditory feedback helps in keeping forces below the safety threshold (red horizontal line).
Robotic assistance helps in eliminating oscillations. Additional effort and longer duration in
grasping the bandage while using micro-forceps with the Steady-Hand Robot due to
additional system inertia.
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Frequency analysis on forces applied in all trials on bandage phantom. 60-80% reduction in

2-15 Hz oscillations by using Micron (upper), Steady-Hand Robot (lower).
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Measured peeling forces (dark blue) using 1SM of chicken embryo for all trias (2 trials/case).
Shorter multiple peeling periods (light blue rectangles) as opposed to bandage phantom

trials.
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Frequency analysis on forces applied in all trials on |SM of chicken embryo. Reduction in 2—
15 Hz oscillations: 40-50% by Micron (upper), 50-60% by the Steady-Hand Robot (lower).
10 Hz peak corresponding to physiological hand tremor is not visible while using hook

(upper) due to poor tissue grasping.
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TABLE |

Membrane Peeling Performance Test Cases

Phantom Tool Case Tremor Suppression | Auditory Feedback
(1) Freehand No No
Hook (2) Only with AF No Yes
(3) Micron aided with AF Yes Yes
Bandage Phantom
(4) Freehand No No
Forceps | (5) Only with AF No Yes
(6) Steady-Hand Robot aided with AF Yes Yes
(7) Only with AF No Yes
Hook
(8) Micron aided with AF Yes Yes
Embryo ISM of Chicken
(9) Only with AF No Yes
Forceps
(10) Steady-Hand Robot aided with AF Yes Yes
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