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Abstract
Purpose of Review In this review, we provide a brief history of intraocular robotic surgical systems and review the latest 
technological advancements. The goals are to (a) provide readers with a clear understanding of the important work that has 
been done in this field; (b) illuminate existing challenges towards full clinical adoption; and (c) speculate on future directions.
Recent Findings The majority of work on intraocular robotic surgical systems has been done in university research set-
tings, although two systems have been evaluated in human clinical trials and one system is commercially available for use 
in human patients.
Summary The future of robotic systems in intraocular surgical procedures will depend on the results of ongoing clinical trials 
and the success of recent start-up companies. Many challenges remain before such systems can become safe and effective 
treatment options. However, the future of intraocular robotic surgical systems is bright and full of promise.

Keywords Ophthalmology · Robotic eye surgery · Intraocular surgery · Robot-assisted ophthalmic surgery · Robotic 
surgery

Introduction

The incorporation of robotic surgical systems has become 
increasingly common throughout many surgical fields over 
the past few decades. The increased adoption rates can be 
attributed to a number of improvements offered by robotic 
systems over unassisted surgeons such as increased pre-
cision, accuracy, and stability; improved maneuverability 
and dexterity; and improved visualization and sensing. As 
an example, the success of the da Vinci Surgical System 
(Intuitive Surgical, Inc.) has become widely recognized 
and perhaps the most prevalent robotic surgical system in 

the world. In the past 2 decades, its clinical installation 
base has grown 7% year-over-year with nearly 5,000 units 
sold worldwide [1].

However, despite the success of the da Vinci Surgi-
cal System, the incorporation of surgical robotics into 
ophthalmic surgery has not enjoyed the same degree 
of rapid success or growth. This delayed transition 
from laboratory research into clinical practice can be 
ascribed to the distinct advantages of ophthalmic surgery, 
which decrease the apparent benefits of using robotic 
assistance. These advantages include the unobstructed 
physical access to the surgical workspace; the clear, 
high-magnification views of the surgical field and tool-
to-tissue interaction; and the minimally invasive nature 
of intraocular tools.

However, despite these advantages, ophthalmic 
surgery continues to be challenging to perform for an 
unassisted surgeon. The manipulation of intraocular 
tissue, sometimes on the scale of a few micrometers, 
must be performed with high accuracy, without tac-
tile feedback, and within a workspace environment 
less than 2.5 cm in diameter. Especially in the case 
of vitreoretinal procedures, the magnitude of motion 
is so small that intrinsic physiological conditions 
such as hand tremor and fatigue represent substantial 
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limitations on human performance. For example, it is 
infeasible for a surgeon to accurately target a specific 
intraocular location to within a few micrometers and 
certainly impossible for him or her to hold the surgi-
cal instrument completely stationary for minutes at a 
time. Furthermore, the depth perception of a surgeon is 
limited in resolution, making it impossible to sense the 
exact depth of a surgical instrument or the thickness of 
a thin membrane [2].

In contrast, a robotic system is not inhibited by the 
aforementioned limitations to the same degree and—for 
these reasons—may offer promising solutions to improv-
ing the safety and efficacy of surgical procedures. For 
example, a robotic system can enable precise, tremor-
free motion of a surgical instrument; positional stability 
for an indefinite period of time; and increased resolution 
of depth sensing through an integrated imaging tech-
nology such as digital microscopy or optical coherence 
tomography (OCT). By augmenting a surgeon’s limited 
capabilities with robotic assistance, the safety, efficacy, 
and efficiency of ophthalmic surgical procedures can be 
increased. Additional benefits may include the potential 
for collaboration between the robot and surgeon during 
specific procedures; the ability to autonomously per-
form routine, well-defined tasks; and the incorporation 
of augmented sensing such as visual overlays or tactile 
feedback.

While it can be argued that the integration of robotic 
systems into ophthalmic surgery has suffered from a 
delayed start in comparison to other surgical fields, 
momentum is building in research laboratories and 
start-up companies across the world. The amount of 
research continues to increase and is performed across a 
variety of topics including robotic manipulator design; 
novel sensing modalities such as OCT and integrated 
tool sensors; and image processing and segmentation of 
visual feedback of the intraoperative surgical environ-
ment. Figure 1 provides an impression of these emerg-
ing trends in the context of published peer-reviewed 
research articles.

A Brief History and the Current State‑of‑the 
Art

One of the first intraocular robotic systems presented in the 
literature was the “Stereotaxical Micro-telemanipulator” 
developed in 1989 [4]. This mechanism was comprised of 
a 3-DOF spherical manipulator mounted to a 3-DOF trans-
lational stage and was used to perform teleoperated vitrec-
tomy and radial keratotomy with improved accuracy, but 
slower speed, over the unassisted surgeon [5]. For nearly a 
decade afterwards, little work was done until after the turn 
of the century when several universities began developing 
robotic systems specific to the intraocular workspace, the 
most important of which are described next.

The MICRON is a handheld manipulator developed in 
2010 by a collaboration between Johns Hopkins University 
and the Robotics Institute at Carnegie Mellon University 
[6•]. The device has been shown to be capable of enforc-
ing smooth motion during emulated surgical procedures 
with large (~ 50%) reduction in instrument tip positional 
errors. This device was later improved by the integration of 
a 6-DOF platform to constrain the remote center of motion 
(the surgical “pivot point”) near the instrument tip. It was 
evaluated and shown to demonstrate reduced trajectory fol-
lowing errors of ≤ 20 μm and reductions in hand tremor up 
to 90% [7]. More recent work includes using the device to 
detect the puncture of an artificial membrane using a force-
sensing needle as well as the ability to maintain tool-to-
surface distance despite tool motion and tremor [8].

Another notable system is RAM!S, from the Department 
of Robotics and Embedded Systems at the Technical Uni-
versity of Munich [9•]. This device is composed of a hybrid 
parallel-serial mechanism actuated by piezoelectric motors, 
resulting in a compact system (94 ± 28 × 33.5 × 18.5 mm) 
capable of 6-DOF of instrument motion [10]. Additional 
cited metrics include an instrument tip positional precision 
of 5 μm and a total weight of only 306 g. The device has 
been evaluated in ex vivo pig eye models using software-
imposed virtual fixtures to constrain the RCM location and 
operate the device using teleoperated control [11, 12]. Most 

Fig. 1  Number of publica-
tions per year for keyword 
searches of titles and abstracts 
of peer-reviewed publications, 
collected using Dimensions 
[3]. Note the predominance of 
vitreoretinal surgical systems 
(blue) compared to systems 
geared towards cataract surgery 
(orange) as well as the steady 
increase of intraocular-specific 
image segmentation work
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recently, subretinal instrument localization and tracking 
has been demonstrated in a step towards improved robotic-
assisted subretinal cannulation and injection [13].

While robotic surgical systems have nearly unanimously 
been developed towards vitreoretinal procedures, signifi-
cant progress has been made by a research team at UCLA 
towards performing cataract surgical procedures using a par-
tially automated intraocular robotic surgical system. This 
system, the Intraocular Robotic Interventional Surgical Sys-
tem (IRISS), was originally presented in 2013 where it was 
used to perform a wide range of teleoperated anterior and 
posterior intraocular surgical procedures [14]. The mechani-
cal design of this system is unique in that it features a quick 
tool-exchange mechanism capable of mounting many com-
mercially available intraocular surgical instruments as well 
as a dual-arm configuration allowing for simultaneous use of 
two instruments [15]. The original system was teleoperated 
with motion scaling and tremor reduction and used to dem-
onstrate anterior lens capsulorhexis, viscoelastic injection, 
hydrodissection, lens aspiration, retinal vein cannulation, 
and vitrectomy on ex vivo pig eyes in a standard operating 
theater [14, 16]. The IRISS was also the first (and to date, 
only) robotic system to mechanically perform a complete, 
curvilinear capsulorhexis and an entire cataract surgery from 
corneal incision to lens implantation.

Since this initial success, the UCLA team has since 
expanded the IRISS into performing partially automated, 
OCT-guided cataract-extraction procedures. To do so, a 
commercially available OCT system was integrated with the 
IRISS and its acquired data used to model the eye anatomy 
and generate a lens-extraction trajectory [17••, 18•]. To 
demonstrate the feasibility of this system, 30 ex vivo pig 
eyes had their lenses autonomously extracted without iat-
rogenic damage and without surgeon intervention or guid-
ance. Furthermore, intraoperative OCT scans tracked the 
tip of the surgical instrument during the lens-extraction 
procedure, allowing for real-time feedback of surgical pro-
gress. The UCLA team continues to pursue a wide array of 
research including an immersive, augmented-reality surgical 
“cockpit”; a next-generation, high-precision robotic system 
(Fig. 2); and intraocular-specific real-time image segmen-
tation techniques based on artificial intelligence for use in 
autonomous robotic guidance [19].

One of the first clinical studies performed on human 
patients was done with the Preceyes Surgical System in 2018 
[20••]. The design of the Preceyes system is based around 
a parallelogram linkage that offers a mechanically enforced 
remote center of motion and an instrument tip positional 
precision of 5 μm. Prior to in-human studies, the system was 
validated by creating venous occlusions in live, anesthetized 
pigs, where the use of the system was deemed unobstruc-
tive to the established surgical workflow and shown to be 
effective and safe [21]. Following that initial success, the 

Preceyes Surgical System was used to perform membrane 
dissection in human patients and demonstrated that the 
results with robotic assistance were equally successful to 
those without. Furthermore, to demonstrate the ability to 
supersede the limitations of human tactile control, the sys-
tem was also used to inject recombinant tissue plasminogen 
activator into subretinal spaces. The success of this system 
proved to be a clear demonstration of the degree of attaina-
ble accuracy, stability, and safety of using robotic assistance 
in otherwise challenging intraocular surgical procedures.

Since the in-human studies of 2018, the Preceyes Sur-
gical System has become the only commercially available 
intraocular robotic surgical system [22]. The available sys-
tem offers a high degree of instrument tip positional preci-
sion (< 10 μm) and the ability to impose virtual bounda-
ries to prevent undesirable motion and eliminate iatrogenic 
retinal trauma. The Preceyes group has continued to publish 
results of ongoing research, and at least three systems have 
currently been purchased by hospitals in Europe [23].

A second noteworthy clinical success on human patients 
was also demonstrated in 2018, in this case by the Univer-
sity of Leuven, Belgium, in the context of a phase I clinical 
trial [24••].

Their robotic system was first presented in 2014 as a 
co-manipulated system developed by the Micro- and Pre-
cision Engineering Group [25]. This device consists of a 

Fig. 2  The next-generation of the IRISS, shown here integrated with 
an OCT system for closed-loop feedback control of autonomous 
intraocular surgical procedures
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parallel arm mechanism with a mechanically constrained 
remote center of motion and is operated by the surgeon 
simultaneously holding the surgical instrument that is 
mounted to the robotic device. In this way, the system 
offers improved motion scaling, tremor cancellation, and 
scalable force feedback to increase stability and precision 
and facilitate maintaining a fixed position for a prolonged 
duration of time. Original work demonstrated the system 
being used to perform retinal vein cannulation on in vivo 
pig eye models with “complete success” being defined as 
stable intravenous position of the needle tip for more than 
three minutes; this was confirmed in 15 out of 18 eyes 
[26].

Later the same year, the same group reported on the 
clinical use of their device in robot-assisted retinal vein 
cannulation on live human patients [24••]. In that study, 
four patients presenting with retinal vein occlusion were 
treated by the robot-assisted surgeon in the context of 
a phase I clinical trial with injection durations of up to 
10 min. This widely hailed success made clear the tech-
nical feasibility of robotic assistance in the ophthalmic 
surgical field. The robotic system is now being developed 
by Mynutia (a spinoff company of the university), and the 
company continues to pursue commercialization of their 
system.

Finally, a few start-up companies which aim to bring an 
intraocular robotic surgical system to market have recently 
received funding and are pursuing clinical validation. 
These companies have reported progress towards CE-mark 
certification and clinical trials and include Cambridge 
Consultants (https:// www. cambr idgec onsul tants. com/ us/ 
case- studi es/ axsis- medic al- robot ic- conce pt), AcuSurgical 
(https:// acusu rgical. com/), and Ophthorobotics (https:// 
www. ophth orobo tics. com/ home- en. html). Unlike the 
major systems presented in this paper (Table 1), no publi-
cations or evaluations of their systems are known to exist.

Future of Robotic Systems in Ophthalmology

The future of robotic systems in ophthalmic surgical prac-
tice promises increased accuracy, positional stability, and 
improved sensing of the surgical environment. The possibil-
ity of new (as of yet unperformed) surgical procedures also 
exists, because procedures that are infeasible for a surgeon to 
perform may fall well within the capabilities of a robotic sys-
tem. Current procedures that use lasers (for example, femto-
second laser-assisted cataract surgery) already demonstrate 
levels of accuracy and safety outside the limits of human 
abilities, which have been shown to lower iatrogenic damage 
and postoperative complication rates. Microscope-integrated 
OCT technologies have also introduced the ability to provide 
visual cross-sectional images of the surgical field through 
the display of real-time OCT image data alongside the stand-
ard microscope view. However, despite the aforementioned 
technological advancements, surgical complications remain 
a reality because the physical manipulation of intraocular 
anatomy continues to depend on human capabilities.

In the realm of cataract surgery, the possibility exists to 
integrate a robotic manipulator and improved sensing with 
existing femtosecond laser systems to perform a complete 
cataract surgery. The critical step of cataract surgery involves 
removing the cataract from the capsular bag without iatro-
genic damage, which relies on both accurate instrument tool 
control and real-time, accurate knowledge of the surgical 
environment (namely the posterior capsule location). By 
incorporating real-time OCT or other imaging modalities to 
sense the capsule location in response to robot-guided tool 
motion, the cataract can be completely removed from both 
pupillary and equatorial regions of the capsular bag while 
decreasing the risk of complications.

In the realm of vitreoretinal surgery, potential future 
applications of intraocular robotic surgical systems 
include gene and stem-cell therapeutic treatments, which 

Table 1  The major systems introduced in this paper with high-level comparison between them

System Institute/company Control Example procedures demon-
strated

Year References

The MICRON Johns Hopkins University and 
Carnegie Mellon University

Handheld Membrane peeling 2010 [6•, 7, 8]

RAM!S Technical University of Munich Teleoperated Subretinal cannulation and 
injection

2013 [9•, 10–13]

The IRISS University of California, Los 
Angeles (UCLA)

Teleoperated 
and autono-
mous

All cataract procedures; several 
retinal procedures

2013 [14–16, 17••, 18•, 19]

Preceyes Surgical System Preceyes Teleoperated Subretinal injection, membrane 
peeling

2018 [20••, 21–23]

Mynutia University of Leuven, Belgium 
and Mynutia

Co-manipulated Retinal vein cannulation 2018 [24••, 25, 26]
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are currently experiencing significant progress in treat-
ing severe retinal disorders [27]. However, to be effective, 
these procedures would require micrometer-level accuracy 
and prolonged tool stability in the presence of eye motion 
to deliver therapeutics between specific layers within the 
subretinal space. While subretinal injection has been asso-
ciated with an increase in complications such as vitreous 
hemorrhage, retinal detachment, and postoperative devel-
opment of choroidal neovascularization when performed 
by a surgeon, a surgical robotic system possesses the accu-
racy and stability critical for proper therapeutic delivery 
and can superseded current surgeon performance.

In the near future, the incorporation of intraocular 
surgical robotic systems may be focused on improving 
visualization of the intraocular workspace and develop-
ing robotic assistance methods for specific and routine 
tasks. These specific procedures could be fully automated 
and performed independently from those of a surgeon. 
However, such possibilities can only be achieved through 
improving the acquisition quality, speed, and interpreta-
tion of OCT or other imaging data; developing robust and 
accurate segmentation techniques to make sense of the 
acquired data; and designing mechanical systems that are 
tightly integrated with the visual acquisition technology 
such that closed-loop, real-time control can be enabled.

Another potential direction is a surgical system with 
an immersive, augmented-reality environment equipped 
with a wide range multi-sensory feedback provided to a 
surgeon. Physically, such a system may resemble a surgi-
cal “cockpit” where the surgeon comfortably sits in an 
ergonomically optimized position while operating a pair 
of joysticks or command interfaces (Fig. 3). For feedback, 
a range of auditory, visual, and haptic inputs can be inte-
grated to provide the surgeon with the most relevant and 
accurate information possible for each step of a surgical 
procedure. For example, in the case of complex retinal 
surgical cases such as dissecting severe epiretinal tissue 
under the requirements of accurate, bimanual operation, 
this type of system could be especially beneficial. By aug-
menting the surgeon’s sensing capabilities through visual 
overlays to highlight membrane dissection planes atop a 
highly magnified visualization of the retinal environment, 
the surgeon could benefit from clear, accurate information 
that cannot otherwise be provided in a standard operating 
room setup.

Finally, in the distant future, we envision intraocular 
robotic surgical systems guided by artificial intelligence 
capable of making surgical decisions without any supervi-
sion from the surgeon. While such a system is perhaps dec-
ades away from being realized into actual clinical practice, 
the underlying technology that will make this vision into 
reality continues to be developed and improved in research 
laboratories across the world.

Conclusion

The future of intraocular robotic surgical systems will 
largely depend on the results of clinical trials currently 
being performed by commercial companies such as 
Preceyes and Mynutia, in addition to the successes of a 
handful of recent start-up companies. As discussed in this 
article, the systems employed by these groups have already 
been used to demonstrate promising results, but many 
challenges remain. Undoubtedly, engineers and surgeons 
will continue to develop novel technologies and advance 
current capabilities to ensure that future systems will 
improve surgical outcomes, extend surgical capabilities 
into the area of feasible treatment options, and enhance 
the safety and efficacy of surgical procedures.
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