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MEDICAL ROBOTS

Head-mounted surgical robots are an enabling
technology for subretinal injections
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Therapeutic protocols involving subretinal injection, which hold the promise of saving or restoring sight, are chal-
lenging for surgeons because they are at the limits of human motor and perceptual abilities. Excessive or insuffi-
cient indentation of the injection cannula into the retina or motion of the cannula with respect to the retina can
result in retinal trauma or incorrect placement of the therapeutic product. Robotic assistance can potentially en-
able the surgeon to more precisely position the injection cannula and maintain its position for a prolonged period
of time. However, head motion is common among patients undergoing eye surgery, complicating subretinal injec-
tions, yet it is often not considered in the evaluation of robotic assistance. No prior study has both included head
motion during an evaluation of robotic assistance and demonstrated a significant improvement in the ability to
perform subretinal injections compared with the manual approach. In a hybrid ex vivo and in situ study in which
an enucleated eye was mounted on a human volunteer, we demonstrate that head-mounting a high-precision
teleoperated surgical robot to passively reduce undesirable relative motion between the robot and the eye results
in a bleb-formation success rate on moving eyes that is significantly higher than the manual success rates reported

in the literature even on stationary enucleated eyes.

INTRODUCTION

Many up-and-coming therapeutic protocols in ophthalmology are
challenging for surgeons to perform because they are near or be-
yond the limits of human motor and perceptual abilities. For example,
the intended delivery method for the US Food and Drug Adminis-
tration (FDA)-approved and European Medicines Agency (EMA)-
approved gene therapy Luxturna, which treats patients with inherited
retinal disease due to mutations in the retinoid isomerohydrolase
RPEG65 (RPE65) gene, is via transvitreal subretinal injection (I). In
transvitreal subretinal injections, the surgeon performs a vitrecto-
my, introduces an injection cannula into the eye through the pars
plana, gently places the cannula in contact with the retinal surface,
and then attempts to inject a prespecified volume of the therapeutic
product into the subretinal space between the photoreceptors and
the retinal pigment epithelium (RPE). The injected liquid causes the
retina to locally separate from the RPE; the separated retina with
subretinally injected liquid is known as a bleb. Positioning the can-
nula to avoid retinal trauma and to achieve repeatability in injection
dosage (i.e., volume of injected product) is challenging. The retina is
approximately 300 pm thick (2), and the peak-to-peak magnitude
and root mean square amplitude of hand tremors in retinal surgeons
have been reported to be 108 pm (3) and 156 pm (4), respectively. In
addition, microjerks of approximately 250 pm have been observed
during manual static positioning (5).

Subretinal injections can be complicated by motion of the eye.
Patients receive a nerve block to induce paralysis of the eye in its
orbit, but that does not reduce motion of the orbit itself. Conscious
sedation, which is often used for eye surgery (6), makes patients
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calm and drowsy but leaves them still able to breathe and respond to
their environment. Head motion, and thus orbit motion, in this state
is due to breathing, talking, swallowing, snoring [which affects 16%
of patients (7)], and other voluntary and involuntary patient mo-
tions. Magnitudes of relative displacements between a surgical in-
strument and the retina due to patient head motion, which are on
the order of several millimeters (8), greatly exceed the magnitudes
that are due to hand tremor. Movement must be compensated by the
surgeon, to the best of their ability, to avoid complications, but sud-
den movements can be unpredictable. Currently, patients receiving
gene therapy are often placed under general anesthesia (9). General
anesthesia reduces motion of the patient, but it has its own associ-
ated risks (10). Because of such risks, conscious sedation is typically
preferred for other types of retinal surgery.

Motion of the injection cannula relative to the retina during in-
jection, whether it is due to unintended motion of the surgeon’s
hand or the patient’s head, can result in retinal trauma such as reti-
nal tears (11) or enlargement of the retinotomy through which the
therapeutic product is injected, which may increase reflux of the
product into the vitreous cavity. Reflux of the therapeutic product
can lead to inflammation (12) and a discrepancy between the in-
tended volume and the actual volume that makes it into the subreti-
nal space. Hsu et al. (13) conducted a study in which the volume of
liquid injected into the subretinal space was, on average, only 39.6%
of the target volume, and the surgeon always underestimated the
amount of leakage.

The limited depth perception offered by microscopic visualiza-
tion of the retina makes it difficult to determine when the cannula is
at an ideal depth to raise the subretinal bleb. Insufficient indentation
or penetration of the cannula into the retina can lead to injection
into the vitreous cavity, intraretinal hydration, or retinoschisis
(14, 15), whereas excessive indentation can cause hemorrhage,
damage to the RPE, or injection of the product into the sub-RPE
space (14, 15). Given the difficulties in estimating the depth of the
cannula, one clinical approach to forming a bleb is to start injecting
the product before the cannula is in contact with the retina. The
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surgeon then moves the cannula closer to the retina until they visu-
ally identify the initiation of a bleb. However, this results in wastage
of the therapeutic product into the vitreous cavity, with the associ-
ated aforementioned problems. Intraoperative optical coherence
tomography (OCT) provides a cross-sectional view of the retina
alongside the en face microscope image so that the surgeon can es-
timate the insertion depth of the cannula. However, it can still be
difficult for the surgeon to assimilate the visual information from
the OCT and the microscope (14), and they must do so while simul-
taneously keeping the cannula steady with respect to a moving eye.
Recent studies suggest that slowing the flow rate of the injected
product, which is determined by the injection pressure (16), may be
safer (16-20) and result in more consistent bleb volumes (5, 17). To
evaluate the effect of flow rate on the RPE and surrounding tissue,
Scruggs et al. (19) compared a “fast” flow rate of 1.8 ml/min and a
“slow” flow rate of 0.18 ml/min against eyes in which there was no
injection and found that there was a significant difference in RPE
gene expression between the 1.8 ml/min case and the no-injection
case, but they found no significant difference between the 0.18 ml/
min case and the no-injection case. Takahashi et al. (16) evaluated
the effect of injection pressure on retinal damage in monkeys and
found that retinal damage increased with injection pressure; they
concluded that subretinal injection pressure should be as low as pos-
sible to minimize damage. Scruggs et al. (20) conducted an in-
human study in which patients received gene therapy and found
that low injection pressures were associated with prolonged injec-
tion durations and that there are minimum pressures that must be
exceeded for initiating and propagating the bleb. Ladha et al. (5)
identified reflux from the retinotomy when the cannula was re-
moved after bleb formation; they stated that the reflux was due to
tension within the bleb and that such reflux would be reduced by
prolonging the cannula’s placement in the subretinal space. It has
been suggested that maintaining the cannula’s position in the sub-
retinal space for as long as 15 to 20 min may even be desirable (17).
A variety of robotic systems have been proposed to improve reti-
nal surgery (21, 22), including subretinal injection. Here, we focus
on the transvitreal route for subretinal injections, which is the most
popular, although other routes are also possible (23). Robotic assis-
tance may enable the surgeon to keep the cannula positioned in the
subretinal space for a prolonged period of time, which would enable
injections to be performed using lower flow rates. Robotic assistance
may also reduce the attention necessary by the surgeon to maintain
the cannula’s position so that they can alternate their attention be-
tween the en face view from the microscope and the cross-sectional
OCT images to better estimate the depth of the cannula. Some valu-
able contributions have been made toward achieving more repeatable
subretinal injections, including methods to estimate the insertion
depth of the injection cannula (24-27) and to automate the place-
ment of the cannula at a desired depth in the retina (28-31).
However, any robotic system will have to contend with the afore-
mentioned movement of the eye. Several research groups have re-
ported results for robot-assisted subretinal injections in stationary
ex vivo eyes (31-37) or stationary artificial eyes (31, 38). Some of
these groups achieved high success rates, but it is unclear what suc-
cess rate they would have achieved if head motions were considered.
Only the in vivo study with the PRECEYES Surgical System has cap-
tured the effect of patient motion during subretinal injection (17),
noting that preliminary results from this study were described in
(39). That study compared the number of retinotomies, volume of
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liquid injected, duration of liquid delivery, total duration of surgery,
number of microtrauma events (i.e., inadvertent retinal touches and
retinal microhemorrhages), and postoperative visual acuity between
the robot-assisted and manual approaches. Although their results
were encouraging, they stated that they did not observe superiority
of robotic assistance over their manual results. Further, they de-
scribed difficulties initiating subretinal injection in one patient be-
cause of head drift.

A variety of methods have been proposed to passively reduce un-
intended relative motion between the surgical instrument and the
retina, with the goal of achieving the superhuman precision prom-
ised by robotic assistance. The current standard in robot-assisted
retinal surgery is strapping down the patient’s head on the stretcher
pillow (17), which is effective at reducing gross head drift but is not
particularly effective at reducing within-breathing-cycle motion. In
(40), we found that within-breathing-cycle displacements of the eye
orbit relative to a stationary frame were estimated to be ~2 mm dur-
ing gentle breathing and 5 mm during snoring-like movements,
even with the head strapped down. Beyond simply strapping down
the patients head on the stretcher pillow, there are three main ap-
proaches: immobilize the patient’s head (41-43), immobilize the
patient’s eye (17, 39, 43, 44), or mount the surgical robot(s) to the
patient’s head (40, 45, 46). Attempting to noninvasively immobilize
(the surface of) the patient’s head can still allow movement of the
patient’s body to translate into movement of the eye, orbit, and reti-
na due to the compliance of the soft tissue surrounding the skull.
Attempting to noninvasively immobilize (the anterior of) the pa-
tient’s eye can still result in retinal movement due to the soft-tissue
compliance of the eye. Noninvasively mounting surgical robots rig-
idly to the skull, via the upper jaw (45), seems impractical unless the
surgical robot(s) could be made very light. For these reasons, we
have chosen to pursue mounting surgical robot(s) to the head via
mask or helmet-type devices that are custom-fit to the contours of
the patient’s head (40). The hypothesized benefit is that, by not
attempting to immobilize the patient’s head or eye, the forces that
cause soft-tissue deformation would tend to remain small. We recently
measured an order-of-magnitude reduction in within-breathing-
cycle relative motion compared with a pillow rest with a head strap
while also eliminating gross relative motion (40); it is noteworthy
that the device does not reduce motion of the head itself. Although
the reduction in relative motion demonstrated the potential for the
head-mounting concept to improve surgical performance, the robot
used in (40) was not active, nor was it used to perform any actual
surgical tasks.

In this study, we used one of the two head-mounting design con-
cepts presented in (40) to demonstrate that a head-mounted high-
precision surgical robot is an enabling technology for consistently
initiating subretinal injections and propagating the resulting blebs
using slow injection flow rates, even in the presence of head motion.
We modified the surgical robot from (47), which is one of the small-
est, lightest, and most precise retinal-surgery robots developed to
date (21, 22); hardware modifications enabled the use of a clinical
cannula and improved the kinematic conditioning for the transvit-
real route, and software modifications implemented virtual fixtures
for assisting the user during teleoperation and enabled the actuation
of the clinical cannula. We also modified our goggles from (48) that
enable an enucleated eye to be mounted directly in front of the eye
of a healthy human volunteer, which results in a new type of hybrid
ex vivo and in situ study in which we are able to capture motion and
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soft-tissue effects of a living human head, which is critical to the
evaluation of our head-mounting device, while performing surgical
procedures on animal tissues.

RESULTS

Experimental setup for the hybrid ex vivo and in situ study
Figure 1 shows the experimental setup of this study. We used the
head-mounting device described in (40) that is a modification of a
commercial radiotherapy immobilization system to noninvasively
mount a modified version of the robot described in (47) to a volun-
teer’s head. The head-mounting device was used to reduce the rela-
tive motion between the robot and the head. The lightweight (0.8 kg)
robot uses piezoelectric stick-slip actuators and has an instrument-
positioning precision of better than 1 pm (47). The robot hardware
was modified to enable the attachment and actuation of an extend-
able subretinal-injection cannula. We mounted an open-sky (i.e.,
with the anterior portion removed; details on the preparation of the
eyes are provided in Materials and Methods) ex vivo porcine eye to
the volunteer’s head using a modified version of the eye-mounting
goggles introduced in (48), which enables patient head motion to be
simulated given that the orbit of the mounted eye moves with the
orbit of the volunteer’s eye. The eye-mounting goggles also allow the
mounted eye to rotate because of forces and moments exerted on
scleral trocar cannulas by surgical instruments, with a rotational
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stiffness matching that of an anesthetized patient’s eye (48). The ro-
bot was teleoperated using a Phantom Omni haptic device (not
shown) to bring the tip of the subretinal injection cannula into con-
tact with the retina, and a custom syringe pump was used to inject
saline at a constant flow rate into the subretinal space. A pressure
sensor was used to record injection pressure at the outlet of the sy-
ringe. A Heidelberg Spectralis OCT system provided an en face view
of the retina using infrared (IR) reflection imaging and a cross-
sectional view of the retina using OCT, which enabled us to verify
the placement of the cannula before starting to inject, verify that the
fluid was injected into the subretinal space, and observe the size of
the bleb (movie S1).

The head-mounting device used in this study was previously de-
scribed in (40). It uses a custom-fit thermoplastic mask and internal
cushion, which were formed to the shape of the volunteer’s head
before the experiment. During the experiment, the head-mounting
device rested on the pillow of an eye-surgery stretcher (HillRom,
Chicago, IL, USA) while the volunteer lay supine. Because only one
robot was attached to the head-mounting device, counterweights
were placed on the opposite side to avoid a moment being felt by the
volunteer. The weights of the robot and counterweights were distrib-
uted around the rigid device and carried by the stretcher pillow,
rather than being carried by the patient. Most of the soft-tissue de-
formation between the patient’s skull and the device occurred when
the patient first rested their head on the stretcher pillow, before the
surgical procedure started; subsequent
soft-tissue deformation during the pro-
cedure due to breathing, etc., was small
compared with the initial deformation.

Modifications to the robot hardware
We modified the robot described in (47)
to improve the kinematic conditioning
of the robot for transvitreal subretinal
injections under OCT and to enable the
attachment and actuation of an extend-
able subretinal-injection cannula (Fig. 2).
For our experiments, which were in open-
sky ex vivo porcine eyes, optimal imag-
ing quality was achieved when the OCT
system was positioned only a few centi-
meters above the eye. To avoid collision
between the robot and the OCT system,
and to prevent the robot from obstruct-
ing the OCT image, the robot should
hold the instrument such that its angle
from the horizontal plane is approxi-
mately 45° or less. However, for the orig-
inal robot in (47) (Fig. 2A), the robot
was farthest from its wrist singularity
when the instrument was held vertically.
To improve the kinematic conditioning
of the robot, we introduced a 45° angled

Fig. 1. Apparatus for the subretinal-injection experiment. Subretinal injections were performed in ex vivo eyes
using a teleoperated robot mounted to the head of a volunteer who was lying supine on an eye-surgery stretcher.
The head-mounting device passively reduced relative motion between the robot and the volunteer’s head. The eye-
mounting goggles, which held an ex vivo porcine eye, coupled the motion of the porcine eye to the orbit of the vol-
unteer’s eye to enable head and eye motion to be taken into account without endangering the volunteer’s eye. OCT
imaging was used to visualize the placement of the injection cannula relative to the retina. The table that the syringe
pump rests on, and other background elements in the image, have been removed for clarity.

Posselli et al., Sci. Robot. 10, eadp7700 (2025) 19 February 2025

component (Fig. 2B).

The instrument holder of the robot de-
scribed in (47) was replaced to enable the
use of a 25-gauge/38-gauge (25-g/38-g)
extendable PolyTip subretinal-injection
cannula (MedOne Surgical, Sarasota, FL,
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Fig. 2. Modifications made to the robot to enable subretinal injections. (A) Original robot described in (47).
(B) 45° angled component to improve the kinematic conditioning for the transvitreal route. (C) Magnet attachment
for extendable-cannula slider and the component of the magnetic instrument-holder clamp that has embedded
magnets. (D) Component of the magnetic instrument holder that clamps the instrument in place by screwing into
the magnet-embedded clamp piece. (E) 3D-printed components for magnetic attachment of subretinal-injection
cannula. A rack-and-pinion mechanism enables the robot’s rotary actuator to actuate the extendable-cannula slider.

(F) Fully assembled modified robot.

USA) (Fig. 2C). A 3D-printed instrument-mounting plate with em-
bedded magnets was attached to the second-most distal rotary joint of
the robot. We repurposed the most distal rotary actuator in (47), which
previously rotated the instrument about its long axis, to convert its ro-
tary motion to linear motion using a rack-and-pinion mechanism;
given the symmetry of the blunt-tip cannula used in this work, rota-
tion about the axis of the cannula was unnecessary. A 3D-printed com-
ponent connected the repurposed actuator to the instrument-mounting
plate, and a 3D-printed pinion was mounted directly to the repurposed
actuator. The pinion meshed with a 3D-printed rack that slid along a
guiding slot in the mounting plate. A 3D-printed cover was placed
over the pinion to prevent future sterile draping from getting pinched
in the mechanism. The cover also contained a guiding slot to constrain
the rack such that it remained within the guide slot of the mounting
plate. We created a two-part instrument holder using 3D-printed com-
ponents that, when screwed together, clamped onto the handle of the
subretinal-injection cannula (Fig. 2, C and D). Magnets embedded in
the instrument holder attached to the magnetic mounting plate on the
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robot. A 3D-printed component with an
embedded magnet was glued to the can-
nula’s slider, which extended or retracted
the inner 38-g cannula, using a cyanoac-
rylate adhesive so that the magnet in the
rack magnetically connected to the slider.
The forces and/or torques required to dis-
place or detach the instrument were high-
er than those that occurred during retinal
surgery, but the instrument could easily
be manually removed from the robot
when desired. We note that many of the
auxiliary components described above
could be eliminated if they were simply
manufactured into future single-use com-
mercial devices.

Screw-side

Modifications to the

eye-mounting goggles

The eye-mounting goggles, introduced
in (48), were used to mount an ex vivo
porcine eye to the volunteer’s head so
that the orbit of the mounted eye moved
with the orbit of the volunteer’s eye. Be-
cause we chose to remove the anterior
section of each ex vivo eye, the surgical
instrument could not pass through a scleral
trocar cannula as it would in an actual
surgery. However, in an actual surgery,
forces between the surgical instrument
and the scleral trocar cannula result in
movement of the eye and thus movement
of the retina. To maintain this behavior,
we modified the eye-mounting goggles
to include an artificial anterior section of
the eye (Fig. 3), which enabled us to insert
a trocar cannula into the artificial sclera.
A rigid 3D-printed component simulat-
ing the anterior sclera was attached to the
top of the bowl of the eye-mounting gog-
gles using double-sided tape. To simulate
the compliance at the scleral trocar cannula due to the soft tissue of
the sclera, we cut out a patch of the rubber sclera component of a
commercial eye phantom (Phake-i Surgical Training System, Hilco
Vision, Mansfield, MA, USA) and glued it over a hole in the 3D-
printed artificial sclera. We then inserted a 25-g trocar cannula into
the rubber patch.

OCT imaging

A Heidelberg Spectralis OCT system (Heidelberg Engineering,
Franklin, MA, USA; Fig. 1) provided simultaneous IR reflection im-
aging and OCT images that were used to view the cannula and reti-
na (Fig. 4). Similar to an operating microscope, the IR reflection
imaging provided an en face view of the retina and cannula. However,
unlike operating microscopes, the IR reflection images were mono-
scopic, so they did not provide depth information. OCT provides a
cross-sectional visualization (i.e., B-scan) of the retina and cannula,
which enabled us to estimate the depth of the cannula with respect to
the retina. The OCT system was suspended above the volunteer’s head
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Fig. 3. Modified eye-mounting goggles. An artificial anterior sclera, with an embed-
ded trocar cannula, was attached to the bowl component of the eye-mounting gog-
gles. This modification enabled the open-sky eyes used in our experiment to rotate
because of forces and moments applied by the instrument on the trocar cannula.

using a heavy-duty mounting arm attached to a cart. The cart was
placed superior to the volunteer, who lay supine on the stretcher.
Because we removed the cornea and lens of each eye, thus changing
the optics, we attached a mouse lens (Heidelberg Engineering) to
the OCT system, which resulted in higher-quality OCT scans. After
the instrument was aligned with the trocar cannula, but before the
instrument was moved to the center of the eye, the OCT system’s
focus knob and the distance between the OCT system and the eye
were adjusted to achieve clear IR reflection and OCT images. When
imaging the insertion depth of the cannula, the location of the B-
scan plane was manually set in the Heidelberg Eye Explorer software
by dragging the scan line in the IR reflection image to the location of
the cannula’s tip, and the scan plane was continually adjusted as the
eye moved under the OCT system because of head motion.

Teleoperation

The robot was teleoperated using a Phantom Omni haptic device
placed on the OCT cart. The haptic device was oriented in a com-
fortable position for the operator of the robot, and then the spatial
transformation between the robot and haptic-device coordinate
frames was adjusted in software such that displacements of the hap-
tic device stylus caused the instrument to move in an intuitive direc-
tion. The OCT was oriented such that the mapping of the surgical
instrument’s motion to the IR reflection image on the computer
monitor matched the mapping that is familiar to a retinal surgeon
looking into the eyepieces of an operating microscope.

To insert the instrument into the eye, the backdrivable nature of
the robot’s piezoelectric stick-slip actuators enabled the robot to be
manually positioned such that the tip of the instrument coincided
with the trocar cannula; the location of the instrument’s tip in the
base coordinate frame of the robot was then saved in the software
and used as the remote center of motion (RCM).

Motion of the robot was enabled when one of the two buttons on
the haptic-device stylus was depressed and held and was otherwise
disabled. If the user wanted to release the haptic-device stylus or
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recenter the stylus in the haptic device’s workspace, then they dis-
abled the motion of the robot by releasing the motion-enabling but-
ton. Whenever the motion-enabling button was depressed, the
position of the instrument was indexed to the position of the haptic
device; this prevented the instrument from moving suddenly when
robot motion was enabled.

A one-degree-of-freedom (one-DOF) virtual fixture automati-
cally constrained the motion of the robot to insertion or retraction
motions along the axis of the instrument until the tip of the instru-
ment was near the center of the eye, at which point the robot entered
a teleoperation mode in which the scaled position of the haptic de-
vice was mapped to the position of the instrument’s tip (i.e., the tip
of the 25-g metal cannula) while enforcing the RCM constraint.
While within this teleoperation mode, the user could depress both
buttons on the haptic-device stylus to engage a one-DOF virtual fix-
ture that constrained the tip of the instrument to move vertically
while still implementing the RCM constraint; this virtual fixture was
used whenever the cannula compressed the retina. The 38-g poly-
mer cannula was extended or retracted by the user by interacting
with the graphical user interface. Additional details about the tele-
operation of the robot are provided in Materials and Methods.

Experiment to measure the success rate of bleb formation
We conducted an experiment to measure the success rate of bleb
formation using the head-mounted robot. We recruited one volun-
teer, who was instructed to lie still and breathe normally. A member
of the engineering team teleoperated the robot after he had suffi-
cient practice performing the procedure. For each attempt to ini-
tiate a bleb, the pump dispensed 0.3 ml [which is the intended injection
volume for Luxturna (1)] of saline at a constant flow rate of 0.18 ml/
min, which is the “slow” flow rate described by Scruggs et al. (19).
We considered each injection a success if a bleb formed at the initial
injection site. We chose this metric for success to exclude scenarios
in which the injection failed to form a bleb at an initial location
on the retina but succeeded after moving the cannula to a subse-
quent location, because such a scenario risks retinal trauma at mul-
tiple locations.

For the 21 bleb-formation attempts, we made one attempt in the
first eye and then two attempts in each of the subsequent 10 eyes
with the injection sites selected on opposite halves of the retina.
Each injection site was selected to avoid injecting next to the optic
nerve, near the edge of the retina, or directly into a visible blood ves-
sel. For each attempt, we teleoperated the robot using a motion-
scaling factor of 80 to move the injection cannula toward the middle
of the retina until its tip was visible in the IR reflection image, after
which point the user interacted with the robot’s graphical user inter-
face to fully extend the 38-g cannula. The cannula was then moved
toward the retina until it was ~300 pm above the retina, at which
point the motion-scaling factor was set to 150 and the virtual fixture
that constrains the cannula tip to move vertically was activated. On
the basis of the findings of (14), which showed that partial indenta-
tion of the retina was associated with failure to create a bleb, we
positioned the cannula such that it fully compressed the retina (Fig.
4), after which point we started the syringe pump. It took 100 s for
the pump to dispense 0.3 ml of saline at a flow rate of 0.18 ml/min.
If after 20 s a bleb had not started to form, the operator made small
vertical adjustments at their discretion, using a vertical virtual fix-
ture, to attempt to initiate a bleb. After the pump stopped, we waited
for the measured pressure to drop below 0.5 psi, at which point we
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difference compared with two of the
three individual studies in that group
[i.e., (33) and (36)]. Although no difference
was found with the remaining study in
that group [i.e., (34)], which had 100%
success with n = 5, their 95% confidence
interval indicates that the true success
rate may be much lower, consistent with
the estimate from the combined results.

During two of our injection attempts,
the bleb did not form within 20 s of the
pump starting (an arbitrary time that we
established for ourselves, before which
we would not make any intervention), so

«I et e | e Fem|

OCT Control

o | | [0 0]

p

IR Reflection Image

Application

Retina

Scan

= olx=

we made slight (<100 pm) vertical ad-
justments to the cannula; we did not
have to move the cannula to a different
location on the retina and cause addi-
tional retinal trauma. In one of the at-
tempts, the bleb began to form after an
adjustment downward, and in the other
attempt, the bleb formed after an adjust-
ment upward then downward; the differ-
ence was simply due to our desire to
explore different strategies. In these two
cases, the slow injection rate gave suffi-
cient time to correct for suboptimal can-
nula placement such that the bleb could
begin to form before even 25% of the vol-
ume was dispensed, and a high-precision

Cosrer | Cuees| Custeer] Cusioen

OCT Control

P

Follow-Up

IR Reflection Image

Fig. 4. IR reflection (left) and OCT (right) images taken during a subretinal injection. (A) The cannula fully in-
dented the retina immediately before starting the syringe pump. (B) Bleb initiation and expansion is visible under IR
reflection and OCT imaging. The OCT penetration depth was insufficient to capture the full height of the fully formed
bleb. The outline of the bleb in the OCT image appears to be upside down because of a mirror artifact. Note that the

bright areas in the IR reflection images are simply reflections.

retracted the 38-g inner cannula, moved the cannula away from the
retina, and removed the instrument from the eye.

Bleb-formation success rate

We successfully initiated bleb formation in 100% of the n = 21 at-
tempts, which gives a 95% confidence interval on the true success
rate of (84.5 to 100%) (Fig. 5). We combined available results in the
literature for manual injection results in stationary ex vivo eyes
(33, 34, 36) for a total reported success rate of 63.6% with n = 44,
from which we calculated a 95% confidence interval on the true suc-
cess rate of (48.9 to 76.2%). The individual available studies have
reported success rates and calculated 95% confidence intervals as
follows: Yang et al. (34) reported 100% success with n = 5, for a 95%
confidence interval of (56.6 to 100%); Maierhofer et al. (36) reported
61.8% success with n = 34, for a 95% confidence interval of (45.0 to
76.1%); and Ladha et al. (33) reported 40% success with n = 5, for
a 95% confidence interval of (11.8 to 76.9%). Our bleb-formation
results represent a significant difference (P < 0.001) compared with
the combined results for surgeons’ manual injections in stationary
ex vivo eyes (33, 34, 36). Our findings also represent a significant
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robot combined with a virtual fixture that
constrained the cannula tip to move verti-
cally enabled the necessary adjustments
to be made in a controlled fashion. Sur-
geons make slight vertical adjustments
during manual injections, whether in-
tentionally or unintentionally, and the
position of the needle during injection
has been shown to be unsteady (36). As a
result, we classified our two injection attempts with slight vertical
corrections as successes, particularly for the comparison with the
manual results of surgeons reported in the literature.

However, it is also potentially interesting to reconsider our re-
sults using a more stringent standard in which we classify the need
to make any corrections as a failure; this standard is only applicable
to robotic systems. Using this more stringent definition of success,
we successfully initiated bleb formation in 90.5% of the n = 21 at-
tempts, which gives a 95% confidence interval on the true success
rate of (71.1 to 97.3%).

- olxs

Additional observations and measurements
Head-mounting greatly reduces, but does not fully eliminate, unin-
tended relative motion between the instrument and the eye (40). We
found that the compliance in the 38-g polymer cannula passively
compensated for the remaining relative motion, such that the tip of
the cannula seemed to stay fixed with respect to the indented retina.
We measured injection pressures of ~5 psi (table S1). Although
it was not our primary metric of success, we were also interested
in whether the cannula was sufficiently positioned to propagate
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Fig. 5. Comparisons of bleb-formation success rates. We made comparisons of
the success rate of our head-mounted robot on moving enucleated eyes with the
surgeons’ manual bleb-formation success rate on stationary enucleated eyes from
Yang et al. (34), Maierhofer et al. (36), and Ladha et al. (33), as well as the combined
results (i.e., union U) from those three studies. For each dataset, we denote the ex-
perimental success rate (red circle) and the 95% confidence interval that was calcu-
lated using the Wilson score interval on the true success rate (see Materials and
Methods). P values, which were calculated using Barnard’s test (see Materials and
Methods), are provided for each hypothesis test for which there exists a difference
between experimental results.

the bleb throughout the slow injections. We measured the dura-
tion of bleb expansion for 17 of the injections (fig. S4): 10 blebs
expanded for at least the full 100 s, 5 expanded for 90 s, 1 ex-
panded for 70 s, and 1 expanded until the cannula was intention-
ally lifted at 20 s.

DISCUSSION

Our results indicate that head-mounting a low-mass, high-precision,
teleoperated surgical robot enables one to achieve a high success
rate forming subretinal blebs, despite the natural motions typical of
patients undergoing eye surgery. We compared our results with
those reported in the literature for surgeons forming blebs in sta-
tionary eyes, and we would expect results for surgeons treating
moving ex vivo eyes (results that do not exist in the literature) to be
worse, given that it is self-evident that a manual injection in a mov-
ing eye is more difficult than a manual injection in a stationary eye.
However, the difference in the degree of difficulty is poorly under-
stood. During manual surgery, the surgeon will often rest their
hands directly on the patient’s head, which serves to reduce their
hand tremor and couple the motion of their hands with the patient’s
head, similar to the coupling accomplished by head-mounting a ro-
bot; this suggests that differences between manual injections in vivo
and ex vivo might not be as substantial as one might think.
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A clinical workflow describing how a robot can be magnetically
connected to the head-mounting device through sterile draping
placed over the patient is presented in (40). It is possible for small
robots such as ours to be sterilized via gas or autoclave; the manu-
facturer of our robot’s actuators (SmarAct GmbH) makes auto-
clavable versions. In addition, the magnetic cannula attachment
could enable sterile draping to be placed over the robot before
the attachment of the cannula. We created a custom after-market
magnetic-attachment component for a commercial cannula, but in
the future, such components could be integrated into the commer-
cial devices directly.

It should be noted that there are differences in the tissue-
preparation methods between groups conducting subretinal-injection
experiments. For example, some groups have used whole eyes with
regulated intraocular pressure. The pressure on the retinas of the
open-sky eyes used in our experiments would be lower, which could
decrease the injection pressure required to raise a bleb. However, it
is not clear whether this would make it any easier to successfully
raise a bleb, particularly considering how easy it was with our system
to make slight vertical adjustments to ensure a good seal between
the cannula and the retina.

There are also differences in the surgical techniques between
groups. Some groups described puncturing through the retina (17,
33, 34, 36, 37), and groups used either metal- (36) or polymer-tipped
(17, 35) cannulas that could be beveled or unbeveled. We used a
cannula with an unbeveled polymer tip to indent, but not puncture,
the retina. It is possible that these choices contributed to our success
rate. It is worth noting that the effect of the cannula and surgical
technique is confounded with the effect of the robotic system in all
prior studies of robot-assisted subretinal injection.

The state-of-the-art solution for intraoperative imaging during
subretinal injection is intraoperative OCT, which supplements ste-
reoscopic operating-microscope images with OCT images. However,
we did not have access to such a system that could be used with ani-
mal tissues. Our ability to achieve a high success rate using an OCT
system that only provides a monocular en face view may be further
evidence of the benefits afforded by head-mounting.

If desired, further reduction in relative motion between the
cannula and the retina can likely be achieved if head-mounting is
used in conjunction with other compensation methods, such as
immobilizing the eye relative to the robot (17, 39, 43, 44) or using
active feedback control (49-53); because head-mounting substan-
tially reduces relative motion between the robot and the head (40),
head-mounting would make it easier to compensate for any re-
maining relative motion using these other methods. These other
methods may also be necessary for cases in which there is residual
eye movement due to an incomplete paralysis from the nerve
block (54).

MATERIALS AND METHODS

Study design

The overall objective of the study was to test the hypothesis that
the robot-assisted bleb-formation success rate on moving ex vivo
eyes is better than the manual bleb-formation success rate of sur-
geons on stationary ex vivo eyes (which would be as good as, if not
better than, the manual bleb-formation success rate of surgeons on
moving ex vivo eyes). Bleb formation was determined by visual
inspection of IR-reflection images and OCT images. A given bleb
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formation was determined as a success if it was formed at the ini-
tial location selected on the retina.

In pilot testing, we had been obtaining a 100% success rate using
the robotic system. As such, we assumed that we would obtain at
least a 95% success rate in the study, so to find a significant differ-
ence from the combined results from the literature for manual injec-
tions in stationary ex vivo eyes, it would require at least #n = 20 eyes
if we were to use a significance of @ = 0.01. On any given day of
testing, we would use all of the enucleated eyes that we had obtained
from the abattoir until we reached or surpassed this number. If we
were to obtain a success rate less than 95%, we could repower the
study at that time; this was not necessary. All attempts at bleb forma-
tion were included in the calculation of the success rate (i.e., there
were no exclusion criteria). In the end, we stopped the study after
n =21 eyes.

Ethics approval for human-participant research

Under the approval of the University of Utah Institutional Review
Board, the experiment comprised one healthy 25-year-old adult
male volunteer (see Fig. 1). Informed consent was obtained after the
nature and possible consequences of the study were explained.

Preparation of ex vivo eyes

Fresh ex vivo porcine eyes were obtained from a local butcher on
each day of experimentation. The eyes were kept on ice and used be-
tween 2 and 8 hours postmortem. We removed the tissues surround-
ing the eye (e.g., fatty tissues, muscles, and optic nerve) and then
used cyanoacrylate adhesive to adhere the posterior surface of the
eye to a 3D-printed bowl insert (i.e., a thin-walled bowl). We created
a variety of bowl inserts of different inner diameters to accommodate
different eye sizes but with outer diameters that matched the inner
diameter of the bowl component of our eye-mounting goggles. Dur-
ing pilot testing, we found that removing the vitreous, which is typi-
cal of retinal surgery, made it easier to raise a bleb. To remove the
vitreous without the use of a vitrectomy console and permit imaging
despite postmortem clouding of the cornea and lens, we removed the
anterior section of the eye by cutting the sclera circumferentially 3 to
5 mm below the limbus. The vitreous typically remained attached to
the anterior section of the eye and could be lifted from the retina.
Care was taken to avoid detaching the retina. If substantial retinal
detachments were observed, then the eye was discarded. Immedi-
ately after removing the vitreous, the posterior portion of the eye was
filled with physiological saline. We then placed the bowl insert hold-
ing the eye into the bowl of the eye-mounting goggles; double-sided
tape was used to ensure that the bowl insert did not rotate within the
bowl of the eye-mounting goggles.

Injection methods

The custom syringe pump comprised 3D-printed components at-
tached to a Thorlabs MTS50/M motorized translation stage (Thorlabs,
Newton, NJ, USA) (Fig. 1 and fig. S1). The 3D-printed components
hold the barrel of a 3-ml syringe in place on the stationary base of the
motorized stage and attach the syringe plunger to the stage’s moving
platform. We used Thorlabs APT software to program the motion of
the motorized stage. The velocity v (units mm/s) of the stage was
calculated on the basis of the desired flow rate Q =3 pl/s [i.e.,
Q = 0.18 ml/min, which is the “slow” flow rate from (19)] and the
inner area of the syringe barrel, A = 63.6mm%v = Q /A = 47.2 pm/s.
To displace a volume of V' = 0.3 ml of liquid from the syringe, which
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is the intended injection volume for Luxturna (1), the stage was
moved by a distanced = V / A = 4.7 mm. After the stage’s motion is
initiated, it moves for 100 s.

A PRESS-S-000 pressure sensor (PendoTech, West Windsor Town-
ship, NJ, USA) was attached directly to the outlet of the syringe.
After the syringe pump finished depressing the syringe plunger,
there was still pressure built up in the injection tubing. Lifting the
cannula away from the retina while there is still built-up pressure
may result in leakage from the cannula, but the pressure sensor en-
abled us to wait until the pressure dropped below 0.5 psi, after
which point we retracted the inner cannula and removed the in-
strument from the eye.

Additional teleoperation details
The low-level position controller of the robot was the same as the
one described in (47), except we used k; = 1 for the constant associ-
ated with the frequency at which the actuators’ step displacements
should be commanded. Similar to (47), when pivoting the instru-
ment about the RCM, a singularity occurred when the tip of the
instrument coincided with the RCM, so the instrument was auto-
matically constrained to insertion or retraction motions along the
axis of the instrument when the tip of the instrument was within
10 mm of the trocar cannula, using a one-DOF virtual fixture.
When the cannula was inside of the eye and more than 10 mm away
from the trocar cannula, the robot automatically entered the tele-
operation mode in which the scaled position of the haptic device
was mapped to the position of the instruments tip (i.e., the tip of
the 25-g metal cannula) while enforcing the RCM constraint.

Unlike in (47), in which the user could control four DOFs of the
instrument’s pose (i.e., three-DOF Cartesian position of the instru-
ment’s tip and rotation of the instrument about its long axis), only
the three-DOF Cartesian position of the instrument’s tip could be
controlled in our study because of the repurposing of one rotary
actuator to move the slider on the extendable subretinal-injection
cannula; for the symmetric blunt-tip cannula used in this work, ro-
tation about the axis of the cannula was unnecessary.

To extend or retract the 38-g polymer cannula, the user entered
a desired distance for extension or retraction in a text box in the
graphical user interface. The extension or retraction occurred when
the user pressed a button in the user interface. The actuator used to
actuate the cannula’s slider did not have a sensor, so the distance of
extension or retraction was an estimate based on prior measure-
ments of the actuator’s step size. The amount of extension or retrac-
tion was iteratively adjusted by the user on the basis of the amount
of extension observed in the IR reflection image.

Statistical analysis

The Wilson score interval was used to calculate confidence intervals
on success rates. It is an improvement to the conventional method of
calculating confidence intervals, particularly in cases with a small
number of trials or with extreme success or failure rates. The Wilson
score interval is calculated as

fa+§ .
el o (1)
T e

where p € [0,1] is the experimental success rate expressed as a
proportion of # trials, and the z value used is dependent on the
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confidence interval of interest (e.g., a 95% confidence interval uses
z = 1.96). Note that the resulting confidence interval, which is also
expressed in terms of proportions, is not centered on p.

To calculate the p value for a given hypothesis test, we formed a
two-way contingency table containing the number of successes and
failures of each group being compared and used Barnard’s test.
Barnardss test is an exact test that can be used for small samples, but it
is also valid for larger sample sizes. We used the implementation of
Barnard’s test provided by the Exact package for the R programming
language (55). In each call to the Exact package’s exact.test function,
the optional function arguments were passed in as follows: alternative =
“two.sided;” npNumbers = 1000, method = “csm,” model = “Binomial,”
and tsmethod = “square”

Supplementary Materials
The PDF file includes:

Methods

Figs.S1to S4

Table S1

Legend for movie S1

Other Supplementary Material for this manuscript includes the following:
Movie S1
MDAR Reproducibility Checklist
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