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Abstract Purpose Retinal vein cannulation is an experimental procedure
during which a clot-dissolving drug is injected into an obstructed retinal vein.
However, due to the fragility and minute size of retinal veins, such procedure
is considered too risky to perform manually. With the aid of surgical robots,
key limiting factors such as: unwanted eye rotations, hand tremor and in-
strument immobilisation can be tackled. However, local instrument-anatomy
distance and force estimation remain unresolved issues. A reliable, real-time
local interaction estimation between instrument tip and the retina could be
a solution. This paper reports on the development of a combined force and
distance sensing cannulation needle, and its experimentaly validation during
in-vivo animal trials.
Methods Two prototypes are reported, relying on force and distance measure-
ments based on FBG and OCT A-scan fibres respectively. Both instruments
provide an 80 µm needle tip, and have outer shaft diameters of 0.6 mm and
2.3 mm respectively.
Results Both prototypes were characterized and experimentally validated ex-
vivo. Then, paired with a previously developed surgical robot, in-vivo exper-
imental validation was performed. The first prototype successfully demon-
strated the feasibility of using a combined force and distance sensing instru-
ment in an in-vivo setting.
Conclusion The results demonstrates the feasibility of deploying a combined
sensing instrument in an in-vivo setting. The performed study provides a foun-
dation for further work on real-time local modelling of the surgical scene. This
paper provides initial insights, however additional processing remains neces-
sary.

Keywords Retinal Vein Cannulation · Cannulation Needle · Optical
Coherence Tomography · Fibre Bragg Grating · Surgical Robotics

1 Introduction

1.1 Retinal vein occlusion

Patients with retinal venous occlusion (RVO) suffer from an obstructed blood
flow in the retina [21]. This can lead to severe vision impairing damage due to
neovascularisation, ischemia, and edema [16]. RVO is the second most common
retinal vascular disorder after diabetic retinal disease, and affects 16.4 million
people worldwide [24]. Currently, no curative treatment is clinically available.
A promising but very challenging experimental treatment is retinal vein can-
nulation (RVC) [29]. During such an intervention, the goal is to cannulate the
clotted retinal vein, followed by the injection of a clot-dissolving drug to re-
store blood circulation. This is done using a cannulation instrument containing
a micro-needle, which is inserted into the eye via a small incision in the sclera
(Figure 1). During the procedure, the surgeon has visual feedback through a
stereo-microscope. The illumination of the surgical scene is performed inter-
nally, by introducing a light-probe, or a pair of optical fibres (i.e., chandeliers)
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into the eye. Given the minute scale of retinal veins, between 30 and 400 µm,
this is an extremely challenging task. Three key challenges can be associated
with RVC: 1) guiding the needle to the target vein with an accuracy of 10 µm
[23], 2) stopping at the proper depth when puncturing the vein, and 3) main-
taining the needle position during the injection [13]. Successfully performing
these feats relies strongly on the surgeon’s capacity to manage undesired hand
motion - typically in the the order of 300 - 400 µm [20] - as well as on the
degree of local awareness of the target anatomy. Due to these challenges, RVC
remains controversial, and is not performed in clinical practice today.

RCM

retina

lens

cornea

cannulation 
needle

light fiber

sclera

Fig. 1 An annotated overview of key elements during RVO [11].

1.2 Robotic assistance

Several robotic systems for eye surgery have been reported to address the key
surgical challenges related to retinal surgery [19]. A distinction between three
categories of architectures can be made: tele-manipulation, co-manipulation
and handheld. Physiological hand tremor is typically managed by means of
motion- or force-scaling. Except for handheld architectures, a shared key func-
tionality is typically the limiting of instrument motion to a single entry point
in the sclera (Remote Center of Motion (RCM)) (Figure 1). Despite the advan-
tages offered by surgical robotics, local estimation of tool-to-surface distance
and force unresolved problems, resulting in increased surgical risk. Depth es-
timation is only approximate through the observation of the shadows and
the focus of the image on the instrument of the stereomicroscope [7], and
is impaired at higher magnifications [6]. Furthermore, instrument-to-surface
interaction forces have been confirmed to be below the threshold of human
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perception during retinal surgery [8, 12]. It is clear that an inaccurate per-
ception of the depth and an absence of the estimate of the force creates high
surgical risks, and is able to induce severe complications [25].

1.3 Measuring functions for surgical intruments

A precise local estimation of the interaction between the needle tip and the
retina could provide a solution. For this purpose, two measurement methods
are envisaged: a proximity sensor and a contact sensor, both located near the
end of the cannulation instrument.

1.3.1 Proximity sensing

A significant amount of research has been conducted to allow intraocular de-
tection or distance sensing. Optical coherence tomography (OCT) forms a
promising approach, visualising the anatomical structure along a single ray
(A-scan), swept over a line (B-scan) or across a surface (C-scan). OCT pro-
vides non-invasive (no contact) information of the retina with micrometer
resolution, at rate of few milliseconds for A-scans [7]. Previous research has
typically been done relying on two different probe designs.

A Lateral-imaging probe measures the tissue at the side of the probe [2]. A
recent in-human pilot study including three patients has been reported. For
this configuration, the feasibility of defining a retinal structure with accept-
able resolution during a peel procedure of the epiretinal membrane has been
demonstrated.

A forward-imaging probe measures anatomical structures directly in front
of the probe tip. Research dedicated to this type of imaging probe is further de-
veloped, as indicated by the amount of literature on the topic [28, 3]. Different
applications show the potential for intra-operative use and control including
compensation of physiological motions and retina tracking [28]. Balicki et al.
demonstrated on a synthetic phantom how OCT-based distance can be used
to set up a virtual wall as a positional safety boundary [3].

1.3.2 Contact sensing

Instrument to retina interaction forces have been reported to range between 0.6
and 17.5mN [11] in typical VRS with a possible resolution below 0.25mN [14].
Previous research on interaction force estimation for retinal surgery has been
aimed at preventing the application of excessive force with the instrument,
during specific surgical tasks such as RVC and epiretinal membrane peeling [15,
9, 17]. In addition to surgical safety, intraoperative force data could contributes
in identifying mechanical properties of retinal tissue. This information would
be useful to build up a more realistic virtual training environments [12].
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Different technologies have been proposed to measure the tool-tissue force
in vitreoretinal: semiconductor strain gauges [18], micro-electromechanical-
systems-based diffractive optical encoders [30], and intensity-modulated fibre
optic sensing [22]. Neverthless, these methods experience problems in distin-
guishing contributions from force exerted on the instrument tip and forces
that are exchanged at the interface with the sclera. A proposed solution is
to integrate the measurement functionality at the tip of the instrument. This
imposes additional challenges in terms of biocompatibility, sterilisability and
safety. Fibre Bragg grating (FBG) based on optical fibre provides a solu-
tion to these issues. FBG can detect fine changes in strain, and thus when
paired with a known flexure. FBG’s are adequately small sized (diameter of
60-200µm), inherently safe, biocompatible, sterilizable, relatively inexpensive,
and highly sensitive. Their output is insulated from electrostatic and electro-
magnetic noise [1]. Several works in the literature describe how FBG’s have
been embedded in ophthalmological instruments [17, 14, 12, 9, 26].

1.4 Objectives

A first effort to combine two sensing modalities to assist RVC was reported
in [27]. Hereby, it was shown that relevant distance and force data can be
acquired on ex-vivo enucleated porcine eyes. However, this conceptual design
did not integrate the two sensors within a single instrument. A second version
of the instrument was designed and characterized in [26]. This second version
combines both sensing modalities in a single instrument, and was validated
in-vitro and ex-vivo. This paper provides some insights on the data (force
and distance) collected with the instrument for in-vivo animal trial. The ex-
periments were carried out to evaluate the previously developed sensorized
instruments. Depth and contact were the major issues, different groups have
developed sensors in the past, but there have been very little validated in a
realistic in-vivo context. With this experiment we investigate practical issues
that may occur. Understanding of the force and damage that occurs may allow
developing improved robotic assistance schemes that improve safety and reli-
ability of interactions with the retina. This paper progresses our prior work
[27, 26] and introduces two prototypes in Section 2. Section 3 depicts a first an-
imal trial to evaluate the combined sensor in real operation. The performance
of the combined OCT distance and FBG force is reported. Finally, conclusion
and future perspectives are given in Section 4.

2 Design of a cannulation needle with combined distance and force

This section describes the design of a combined force and distance sensing
cannulation instruments based on FBG and OCT A-scan technology. Both
sensing modalities are briefly described, after which the conceptual designs of
two prototypes are presented.
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2.1 Force sensing

In order to integrate force sensing modality into a cannulation needle, FBG fi-
bres were chosen. An initial design of a 2-DOF force sensitive needle in serves
as a basis [9]. In addition to the FBG fibres, a Micron Optics sm130 in-
terrogator was used, which offers a wavelength detection resolution and scan
frequency of respectively 2 pm and 500 Hz. The resulting prototype offers a
thermally-compensated 1-DOF force measurement, showing neglegible drift,
and a precision and measurement range of 0.20 mN and 20 mN respectively.
A detailed overview of the force sensor characterization can be found in [26].

2.2 Distance sensing

A custom made long range optical distance sensing fibre providing OCT A-
scan data, with an outer diameter of 125 µm was made by Medical Laser
Center Lübeck (MLL). The OCT A-scan fibre was connected via an optical
switch to an available medical grade iOCT scanner (OptoMedical Technolo-
gies (OPMed)). The OCT A-scan fibre was aligned to target a sample with
approximately 1-3 mm distal from the needle tip reference. The OCT A-scan
data was collected at a sample rate of 200 Hz, at a pixel resolution of 3.8 µm.
Precision and accuracy of the distance measurement was characterized at 0.064
mm and 0.010 mm respectively for in-vitro samples, at a maximum response
time of 0.1 s. A detailed overview of the distance sensor characterization can
be found in [26].

2.3 Proposed prototypes

Two different configurations have been proposed to evaluate this combination.
A hollow shaft with four parallel grooves and acts as a flexure, with the

FBG fibres glued into two opposing grooves, and the OCT fibre in one of the
other remaining grooves. (Figure 2). These FBG fibres provide strain measure-
ments due to bending in the y-direction. Each opposing strain measurements
provides an estimate of a radial force component (Fp) along the instrument’s
y-direction applied at the needle tip. The difference between strains provides
an estimate that is free of thermal effects.

2.3.1 Shared tube (ST) prototype

STP (Fig. 3) combines all fibres on a single grooved hollow shaft of 0.55 mm
outer-diameter. The fibres are routed near the tip of the instrument. The main
advantages of this design are: ease manufacturing, simplicity, and small outer-
diameter. A limitation is that the OCT fibre is not oriented towards the tip of
the needle, but measures the distance at a certain offset, in x and y direction.
Therefore the needle tip is not in the field of view of the OCT A-scan. This
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r100 µm

Fig. 2 Conceptual model of the force in the cannulation needle.

requires a pre-calibration of the needle tip location with respect to the OCT
fibre. Furthermore, the sensorized tube is directly exposed to the sclera entry
point.

needle tip reference
100 µm

Fig. 3 Conceptual sketch of STP: OCT and FBG fibres are aligned along three grooves in
the same shaft.

2.3.2 Outer sleeve (OS) prototype

OSP (Fig. 4) is composed of an internal part for force measurements and an
external part made of an outer-sleeve for distance measurements. The assembly
is more complex but allows to position the needle tip within the OCT-view.
This prototype allows collocated force and distance measurement. The outer-
sleeve shields the force measuring part, protecting the measurement segment
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from large scleral interaction forces. However, the resulting diameter of the
outer-sleeve that is to be inserted inside the eye is 2.3 mm with a 0.6 mm
protuberance.

needle tip referencetip-retina

OCT A-scan fiber

outer sleeve

Fig. 4 Conceptual sketch of OSP: OCT and housing surrounds a force sensing cannulation
needle.

3 Animal trial

The performed animal study was approved by the Ethical Committee for An-
imal Research at Medanex Clinic. In total, experiments were performed on 3
pigs. Four surgeons from three different institutes participated, taking turns
throughout two days to perform the experiments. A protocol for the experi-
ments was set-up and adhered to. All required equipment was transported to
the facility and field-tested beforehand. A Haag-Streit surgical stereo-microscope
(Hi-R NEO 900A NIR) was used, paired with a dedicated iOCT system (OPMedt
GmbH). In addition, a fibre OCT A-scan probe from MLL embedded within
the cannulation needles was plugged into the same OCT system via a purposely
developed fibre switch. Force was measured using a Micron Optics sm130 in-
terrogator connected to a real-time PXI industrial computer from National
instruments. Two cannulation needle prototypes were fixed to a previously
developed comanipulation surgical robot[11]. For research purposes, surgical
robot control was implemented on a real time (Xenomai 6). The hardware
of the robot (motors, encoders and two foot pedals) were connected to a na-
tional instrument NI9144 EtherCAT slave with embedded FGPA used for data-
acquisition. The control program was running on OROCOS a middle-ware for
real-time robot control [5].

A general view of the operating theatre at Medanex Clinic facility is pro-
vided in Fig. 5. During the animal trial, both prototype needles were tried out
for evaluation. Even though suitable for laboratory work, the OS prototype
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Fig. 5 Operating theatre of animal trial.

was found infeasible to safely introduce into the eye due to its large outer-
diameter (2.3 mm). In the following, only the ST prototype was used and its
data depicted.

3.1 OCT distance vs. insertion depth

The first experiment was conducted to check the quality of the distance mea-
surements with the OCT fibre. The estimation of the distance within the 4
mm possible by the OCT are shown in Fig.6. The extraction of the distance
from the A-scan was based on the work presented in [4] for further details.

fiber tip 

first retina layer

fiber tip 

measured distance 

(fiber tip/retina)

motion toward 

retina

motion away 

from retina

A
-s

ca
n

Fig. 6 Distance measurment based on OCT fibre.

Figure 7 depicts the resulting curves of the robot insertion depth motion
(translation along the needle axis) and the OCT distance estimation within 4
mm range of the OCT sensor. The OCT distance shows a similarity with the
robot insertion depth but not correspondence. This is most likely due to slight
bending of the instrument caused by scleral interaction forces, resulting in a
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measurement mismatch between the robot workspace and local measurement
data. In conclusion, the OCT A-scan signal can get a real-time estimate of the
distance to the retina surface, but care must be taken to filter and interpret
its data. Furthermore, it highlights the challenge of combining both robotic
and local measurement data.
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Fig. 7 Evaluation of the OCT distance vs. the robot insertion depth motion.

3.2 Force vs. insertion depth

A second experiment was conducted to evaluate the behaviour of the force
sensor inside a closed porcine eye. This was the first time - to the knowledge
of the authors - that such a test with a FBG sensor was conducted on a closed
eye. The sensor allows to measure the force in two directions such as if the
force is applied in opposition to the needle tip it will decrease and conversely.
Continuous contact with the needle on the retina was tested. The curve of
the experiment is depicted in Fig. 8. The robot is locked between 5 and 18
seconds where the insertion depth is constant. The force shows an increase of
2.5 mN in the force measurements. It was observed that this force is caused
by eye motion of the sedated animal, assumed to be caused by breathing.
This motion is not noticeable from the robot encoders but can be seen on
the stereo-microscope. Note when retracting the needle, between 20 and 26
seconds, noticeable increase of the force can be seen. This forces were observer
to be caused by scleral interaction forces during instrument extraction.

Multiple approaches to the retina were made to understand the behaviour
of the force sensor in the closed eye. Data of the force and OCT distance
were gathered simultaneously during this multiple contact approach. Figure 9
depicts the evolution of the two signals. Between 155 and 165 seconds the
distance does not change yet, a force peak is seen. This variation of the force
is related to the physiological motion that will be demonstrated in the next
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Fig. 8 Evaluation of the Force vs. the robot insertion depth motion.

subsection. Between 165 and 175 seconds, the surgeon is retracting the robot
and a force peak in the same direction is measured.
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Fig. 9 Evaluation of the Force vs. the OCT distance for a short time contact.

STP was able to measure forces inside the eye. The values of the force
were between +20 mN and -20 mN for the different experiments. The con-
tinuous contact shows the possible use of the force to estimate the force at
the needle tip even when such is not easily noticed with the distance mea-
surement. However, even though not directly measured, a clear correlation
between robot motion and force measurements can be observed. Furthermore,
when purposefully misaligning the surgical robot with the scleral entry point,
this correlation was observed to scale up. It is concluded that this correlation
is caused by the direct interaction between the fibres in the grooved tube, and
the trocar at the scleral entry. This highlights a key design concern for the
usage of FBG fibre-based through a trocar, as this requires some form of me-
chanical isolation for the bare, non-measuring section of the fibres. This could
be achieved as proposed in the OS prototype, using a stiff outer tube concept.
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3.3 Acquisition of physiological motion

Physiological motion caused by breathing and the heartbeat could be ob-
served by using the OCT distance estimation. The breathing motion depicted
in Fig. 10 approximates a sinusoidal trajectory. The breathing frequency was
approximately 11 breaths per minute. Moreover, the effect of the heart beat
was visible as a small variation superpositioned on the sinusoidal motion at
approximately 120 heart beats per minute. Peak-to-peak position amplitudes
are observed to be aproximately 0.1 mm and 0.3 mm for motions caused by
heart-beat and breathing respectively.

The force sensor was used to measure the physiological motion. Figure 10
shows the evolution of the OCT distance measurement for a constant inser-
tion depth and for different positions on the retina. From the graph we see
that also when in contact the distance measurement works as well. The corre-
sponding force signal is depicted in Fig. 10. Even though slightly scaled down,
the force sensor continues to clearly depict the physiological forces when not
in direct contact with the retina. This confirms the earlier made conclusion of
force interference due to scleral interaction forces.
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Fig. 10 Evaluation of force vs. robot insertion depth motion for the estimation of the
physiological motion.

4 Conclusion and future work

This paper presented two designs of sensorized cannulation needles enabling
combined force and distance sensing. The first results of in-vivo porcine an-
imal experiments are reported. For both prototypes, the force measurement
relies on two FBG fibres that are glued on a custom 0.6 mm diameter hollow
flexure. The distance measurement relies on an integrated OCT fibre is used.
Two different layouts have been investigated here. In STP, same shaft of the
cannulation needle is employed, leading to a small outer-diameter of 0.6 mm,



Combined Distance and Force Sensing for RVO 13

providing non-collocated force and distance sensing. In OSP, OCT fibre is em-
bedded in a separate construction leading to a collocated measurement, but
resulting in a large outer-diameter of 2.3 mm. A characterization and calibra-
tion of the two prototypes was conducted. In order to validated the feasibility
of using such sensorized instrument in an in-vivo setting, an animal trial cam-
paign was conducted at Medanex Clinic facility. During these experiments,
surgeons validated the OCT A-scan probe distance estimation technology, in
order to enable future robot-assisted procedures within the context of an initial
in-vivo human study. At the same time, these experiments were conducted to
further validate the functioning of the combined OCT and force sensing can-
nulation needles. Within this effort, a unique data set was gathered of in-vivo
OCT and force sensing.
Whereas both instruments (ST and OS) worked well in a lab setting, it was
found that the larger outer diameter OS concept was not feasible in an in-vivo
setting. Surgeons managed to successfully use the ST prototype throughout
the preconcieved experimental protocol. A key observation was that, a clear
coupling between force measurements and scleral interaction forces was ob-
served. This highlights the need for a reliable mechanical decoupling of the
present fibres from the scleral entry. Despite this setback, valuable force and
OCT data was able to be measured, and is still being processed. Intraoperative
retinal motion due to heartbeat and breathing motion was found to be in the
order of 0.1 mm and 0.3 mm respectively. To the knowledge of the authors,
this has been the first time that such a combined force/OCT cannulation nee-
dle was tested in-vivo. Valuable insights have been obtained, which will form
the foundation for future work on the development of improved smart surgical
instrumentation.
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