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Development and Experimental Validation of a Combined FBG Force

and OCT Distance Sensing Needle for Robot-Assisted Retinal Vein

Cannulation

J. Smits1, M. Ourak1, A. Gijbels1, L. Esteveny1, G. Borghesan1, L. Schoevaerdts1, K. Willekens2,

P. Stalmans2, E. Lankenau3, H. Schulz-Hildebrandt4, G. Hüttmann4, D. Reynaerts1, E.B. Vander Poorten1

Abstract— Retinal Vein Occlusion is a common retinal vas-
cular disorder which can cause severe loss of vision. Retinal
vein cannulation followed by injection of an anti-coagulant into
the affected vein is a promising treatment. However, given the
scale and fragility of the surgical workfield, this procedure is
considered too high-risk to perform manually. A first successful
robot-assisted procedure has been demonstrated. Even though
successful, the procedure remains extremely challenging. This
paper aims at providing a solution for the limited perception
of instrument-tissue interaction forces as well as depth esti-
mation during retinal vein cannulation. The development of a
novel combined force and distance sensing cannulation needle
relying on Fiber Bragg grating (FBG) and Optical Coherence
Tomography (OCT) A-scan technology is reported. The design,
the manufacturing process, the calibration method, and the
experimental characterization of the produced sensor are dis-
cussed. The functionality of the combined sensing modalities
and the real-time distance estimation algorithm are validated
respectively on in-vitro and ex-vivo models.

I. INTRODUCTION

A. Retinal Vein Occlusion and retinal vein cannulation

Retinal Vein Occlusion (RVO) is a vitreoretinal (VR) eye

condition which affects an estimated 16.4 million people

worldwide [1]. It is the 2nd most common retinal vascular

disorder after diabetic retinal disease. The disease occurs

when clots are formed inside a retinal vein (Fig. 1). This

causes the patient to slowly lose his/her sight. Today, there

is no proven effective treatment clinically available for this

disease [2]. A promising treatment is retinal vein cannulation

[3]. Through a small incision in the sclera the surgeon would

move a needle through the inside of the eye to cannulate and

inject a clot-dissolving drug into the affected vein. During

this procedure, the surgeon looks through a stereoscopic

microscope located directly above the patient’s eye. Often,

additional wide-angled lenses are placed above the patient’s

eye lens, to enlarge the field of view of the surgeon. The

workspace is illuminated by means of a handheld light
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Fig. 1. Retinal vein occlusion and retinal vein cannulation [5].

probe, or a pair of light fibers commonly referred to as

”chandeliers”. Despite this enhanced visualization of the

surgical workspace, physiological hand tremor, limited depth

perception, and lack of tactile or force feedback make it

highly challenging to perform such a procedure manually.

The risk of damaging blood vessels or the retina is extremely

high. Due to this, retinal vein cannulation remains a contro-

versial therapy and is not clinically applied today. Recently,

the first robot-assisted RVC procedure in a human patient

was performed [4].

B. Robotic assistance for retinal surgery

Since 1989, over a dozen robotic systems for retinal

surgery have been reported on in the literature [6]. These

systems can be subdivided into three categories: hand-held

devices, comanipulation systems and telemanipulation sys-

tems. Despite the excellent positioning precision provided

by a surgical robot, depth and force perception remain sub-

optimal. Different sensing technologies have been developed

to resolve these issues.

C. Force sensing for retinal surgery

Intraocular instrument interaction forces during retinal

surgery range from 0.6 mN to 17.5 mN during retinal

vein cannulations on porcine ex-vivo and in-vivo eyes [5].

Measurement of instrument-retina interaction forces inside

the eye requires forces to be measured distal from the sclera,

as it would otherwise not be possible to distinguish scleral

contact forces from tip interaction forces [8]. In order to meet

size and precision requirements for this application, the usage

of FBG sensors is primarily found in the literature. Johns

Hopkins University previously reported on a retinal pick and
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Fig. 2. The developed surgical robotic system at the University of Leuven
[7].

an actuated microforceps, both offering 3-DOF force sensing

using FBG’s [9], [10]. Previous work by both Gonenc et al.

as well as Gijbels et al. describe the development of a 2-DOF

force sensing cannulation needle using FBG’s [11], [12].

D. Distance sensing for retinal surgery

An intraoperative Optical Coherence Tomography (iOCT)

system provides high-resolution intraoperative imaging of

soft tissue anatomy. Typically, 2D or 3D OCT images are

generated, referred to as B- and C-scans respectively. An

iOCT system shares a large part of its optical path with

the surgical microscope. This is convenient as adjustment

of zoom lenses affects both imaging modalities equally.

Alternatively, OCT data can be acquired via an optical fibre

that is incorporated directly inside the surgical instrument. By

introducing the surgical instrument in the eye, the complex

optical path from the microscope and patient’s lens can

be effectively by-passed. This allows for more accurate

measurements of the retina to be obtained. Only a single ray

of laser light can be passed at a time through the laser fiber.

The result is a one-dimensional depth scan, also referred to

as an A-scan. The development of a single A-scan fiber-

integrated retinal pick has been reported on by Balicki et

al. [13]. The distance sensing retinal pick was used together

with a robotic platform and a custom developed OCT device,

and was experimentally validated on synthetic phantoms.

Borghesan et al. and Cheon et al. have reported on retinal

surface detection algorithms using A-scan data retrieved from

ex-vivo enucleated porcine and bovine eyes respectively [14],

[15]. To the knowledge of the authors, a single A-scan fiber-

integrated cannulation needle has not been developed earlier.

A first effort towards such an instrument was made, as the

authors reported on a first proof of concept of combined

force and distance sensing for vitreo-retinal surgery using

FBG and OCT A-scan technology [16]. Here, a single

OCT A-scan fibre probe was aligned and fixated to a force

sensing cannulation needle. As an early proof of concept,

the sensor combination was used together with a previously

developed surgical robot to perform retinal vein cannulation

on ex-vivo enucleated porcine eyes. Feasibility of combined

sensing modalities was shown on dissected porcine eyes, but

was however not integrated in a single instrument design.

Furthermore, no in-depth analysis or characterisation on the

OCT A-scan fibre probe and distance estimation algorithm

was performed.

E. Objectives

This paper aims at providing a first step towards more

intraoperative information during retinal vein cannulation.

By doing so, we strive to gain better understanding of

the cannulation process. Furthermore, the aim is to deter-

mine if OCT A-scan distance measurements can be used

for further development of robot-assisted safety features

such as puncture detection or adaptive admittance control.

The development of a novel combined force and distance

sensing cannulation needle relying on FBG and OCT A-

scan technology is reported. The design and manufacturing

process (II), the calibration method and the experimental

characterization (III), and the experimental validation (IV)

of the produced sensor are discussed. The combined sensing

modalities and the functionality of the real-time distance esti-

mation algorithm are experimentally validated on in-vitro and

ex-vivo models respectively. The results of this experimental

validation will serve as a benchmark for future development

of distance estimation algorithms and integration of OCT

A-scan technology with a surgical robotic platform.

II. DEVELOPMENT OF THE SENSOR

This section describes the development of a combined

force and distance sensing cannulation needle based on

FBG force and OCT A-scan distance measurements. Firstly,

the conceptual design and functionality of the sensor is

described. Finally, the detailed design and the assembly

process of this novel sensorized instrument are reported. The

design of the previously developed 2-DOF force-sensitive

needle by Gijbels et al. [12] serves as a foundation.

A. Conceptual design

Figure 3 provides a cross-section view and a conceptual

illustration of the measuring segment of the force and

distance sensing cannulation needle. A hollow shaft with

four parallel grooves (three of which are effectively used)

acts as a flexure for two opposing FBG fibres. These FBG

fibres provide strain measurements due to bending in the

yz-plane. These opposing strain measurements are used to

determine the radial force component in the yz-plane exerted

on the grooved shaft, while compensating for the thermal

wavelength shift of the FBG fibres. A bent needle tip with

known geometry is aligned to coincide with the y-direction. It

is assumed that the puncture force predominantly acts along

the axis of the needle tip. Therefore, knowing the geometric

relationship of the needle tip to the measuring segment, a fair

estimate of the puncture force can be derived. The puncture

force estimate can then be used to determine the puncture

force derivative. The force derivative signal, when combined

with a previously developed puncture detection algorithm,
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Fig. 3. Left: Cross-section of the sensor-integrated grooved shaft. Right:
force sensing and distance sensing functionalities displayed separately.

has shown to provide a 98% success rate in detecting vessel

punctures [5]. An OCT A-scan fibre is positioned in one of

the remaining grooves, located on the neutral bending plane

for loads in the y-direction. This configuration leads to a

minimal increase of bending stifness of the instrument, and

hence minimally affects the force sensor performance. The

OCT A-scan fibre is oriented at the retinal surface. Unlike

the design of the OCT A-scan fibre integrated retinal pick

reported on by Iordachita et al. [13], no instrument feature

is present within the OCT A-scan measurement window.

Therefore, a calibration step is required in order to determine

the needle tip reference.

B. Detailed design

Figure 4 provides an overview of the manufactured force

and distance sensing cannulation needle. The outer handle

is a stainless steel hollow shaft with threaded ends, which

houses an internal assembly referred to as the injection

track. At the distal end of the instrument, the injection track

incorporates a Luer lock connector which is fixated to thin-

walled stainless steel hollow shaft, which is present inside

the entire length of the outer handle. At the proximal end of

the first hollow shaft, a second stainless steel hollow shaft

with 4 parallel outer grooves alongside its length, referred

to as the grooved shaft, is inserted. The grooved shaft has

an outer and inner diameter of respectively 550 µm and 250

µm, and two opposing pairs of grooves with widths of 100

µm. Finally, at the proximal end of the grooved shaft a bent

stainless steel microneedle assembly with a tip outer diameter

of 80 µm is inserted. Figure 5 provides a close-up of the

used microneedle and the completed measuring segment. All

stainless steel tubes are fixated using UV-curable medical

adhesive. Fibres are aligned manually using a combination

of precision linear stages, offering 3-DOF placement of

the fibre with respect to the grooved shaft. Custom FBG

fibers with an outer diameter of 80 µm were used (FBGS

Technologies GmbH) in combination with an interrogator

(SM130-500, Micron Optics). A custom made long range

optical distance sensing fibre providing OCT A-scan data,

Injection line

Syringe

Instrument handle Measuring segment

FBG 1 FBG 2OCT

Fig. 4. The manufactured force and distance sensing cannulation instrument

Needle tip insert

Measuring segment

Fig. 5. Left: A close-up of the needle tip insert [12]. Right: A close up
of the measuring segment of the manufactured force and distance sensing
cannulation instrument.

with an outer diameter of 125 µm was used (Medical Laser

Center Lübeck GmbH). The OCT A-scan fibre is connected

via an optical switch to an available medical grade iOCT

scanner (OptoMedical Technologies GmbH) mounted on a

stereoscopic surgical microscope (Hi-R NEO 900A NIR,

Haag-Streit Surgical GmbH). The two FBG fibres are aligned

on opposite sides of the neutral bending axis of the tube.

The FBG segments are placed at approximately 5 mm from

the needle tip, therefore ensuring measured forces are only

due to interaction forces of the instrument with the internal

anatomy of the eye. The OCT A-scan fibre is aligned in

one of the two remaining grooves, with the fibre focal point

placed at approximately 1 mm distally from the needle tip

reference. Once aligned, UV-curable medical adhesive is

used to fixate the fibres. During the assembly process, a

stereoscopic microscope with a magnification of up to 25x

is used to visualise the work field.

III. CALIBRATION AND CHARACTERISATION

A. Force data acquisition

The available interrogator offers a wavelength detection

resolution and a scan frequency of respectively 2 pm and

500 Hz. The wavelength-to-strain sensitivity of the used FBG

fibers is 1 pm/µm. A moving average filter with a window

size of 50 samples is used, resulting in a response time of

0.1 s. The measured strain in each fibre can be expressed as
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(1)

∆λ = kεε+ kT∆T (1)

B. Force calibration

The instrument handle is fixated horizontally, and oriented

with the needle tip upwards. A calibration mass of 2 g

is applied to the proximal end of the instrument. Once

the calibration mass is stabilized (pendulum-like behaviour),

1000 wavelength samples are recorded and averaged for

each fiber. Based on the linear relationship between the

wavelength shift of both fibres and the applied radial force

in the y-direction, a calibration factor kf is determined (2).

Linear behaviour of the sensor across the force measurement

range is assumed based on previous characterization of a

similar design [12].

∆λ1 −∆λ2 = kfFy (2)

C. Force Characterisation

Force measurement stability and precision is characterised

both at zero and at maximum load condition. Based on the

linear wavelength-to-force relationship and the symmetry of

the sensor design in the measurement direction, a represen-

tative characterization for the entire measurement range is

assumed. The instrument handle is fixated horizontally, and

oriented with the needle tip upwards. A calibration mass of

2 g is applied to the proximal end of the instrument. Once

the calibration mass is stabilized, measured force values are

recorded for a duration of 45 min. The same measurement is

repeated without application of an external load. Figure 6(a)

and Figure 6(b) show respectively the measured forces and

the residual force error in function of time for both cases. No

noticable drift is present for the zero loading condition, and

minimal drift can be observed in the maximum load case, of

up to 0.3 mN over a timespan of 45 minutes. It is concluded

that drift is negligible for the intended use of the instrument.

The histogram depicted in Figure 6(c) shows that the residual

errors are the largest for the maximum load case, with the 5th

and 95th percentile points respectively being 0.10 mN and

0.09 mN, indicating that 90 percent of the samples remain

within a range of 0.19 mN of the applied reference.

D. Distance data acquisition

OCT A-scan data is collected at a sample rate of 200

Hz, at a pixel resolution of 3.8 µm. As a first proof of

concept, a simple real-time distance sensing algorithm was

implemented. Firstly, each A-scan vector is passed through

a median filter for noise reduction. Secondly, a binary

threshold conversion is performed on the filtered intensity

values. Finally, a distance measurement is extracted by means

of first feature recognition.

E. Distance calibration

The instrument handle is fixated horizontally, and aligned

with a manually actuated precision translation stage with a

resolution of 1 µm (M-423 & SM-25, Newport). The stage

is translated in the direction of the OCT A-scan probe until

first contact is observed with the aid of the microscope. Once
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Fig. 6. (a) Measured forces, (b) force residual errors, and (c) histogram
of the force residual errors for a 45 min registration period. (d) Measured
displacement, (e) displacement residual error , and (f) histogram of the
displacement residual error for a cyclic applied displacement of 1.5 mm

the needle tip reference surface is set, 1000 A-scan samples

are recorded and averaged. The distance reference retrieved

from this measurement correlates the needle tip reference to

the distance range of the OCT measurement window.

F. Distance Characterisation

Distance measurement precision and accuracy was charac-

terized within the measurement window of 0 mm to 1.5 mm,

corresponding to a measurement range of 1.5 mm ahead of

the needle tip. The instrument handle is fixated vertically to

a precision single axis spindle drive (LX 26 series, Misumi)

in combination with a position controlled DC-motor and

encoder combination (RE30, Maxon Motors). This spindle

and motor combination provides a positional resolution of

1 µm. A sinusoidal cyclic loading pattern with a period of

30 s providing a translation interval between 0 and 1.5 mm

is applied for a duration of 10 minutes. Translational speed

is limited to 500 µm/s. Figure 6(d) shows the relationship

132



Time [s] Time [s]

Fig. 7. Left: Measured distance and force values for a series of 12 punctures on a suspended membrane using a speed-controlled (0.5 mm/s) remotely
operated test setup. Right: Isolated view of a typical puncture sequence.

between the applied and calculated displacement during the

application of a cyclic load as described above. It is shown

that the sensor in combination with the implemented distance

sensing algorithm offers high repeatability and minimal

hysteresis within the operated range. Figure 6(e) shows the

residual error between the applied and calculated displace-

ment in function of the applied displacement. Minor non-

linear behaviour can be observed. The histogram depicted in

Figure 6(f) shows that the 5th and 95th percentile points are

respectively -0.021 mm and 0.043 mm, indicating that 90

percent of the samples remain within a range of 0.064 mm

of the applied reference. Mean error shows a deviation of

0.010 mm from the applied reference across the measurement

range.

IV. EXPERIMENTAL VALIDATION

A. In-vitro robot-assisted needle punctures

As a preliminary test, one user performed a series of 12

punctures on a suspended polyethylene foil with a thickness

of 20 µm. This was found to produce comparable puncture

force profiles to previous ex-vivo results performed using the

same needle tip combined with a force sensitive fixture. For

the purpose of this experiment, a dedicated test setup (Fig. 8

was developed to move the sensorized instrument in 1DOF.

The instrument handle is fixated to a precision single axis

spindle drive (LX 20 series, Misumi) in combination with

a position controlled DC-motor and encoder combination

(EC30, Maxon Motors). The needle tip axis is aligned with

the translational orientation of the actuator. The user is able

to control the instrument motion direction (up/down) with

the aid of two foot pedals, at a fixed translational speed

of 500 µm/s. With the aid of a manually actuated rotative

and translational precision stage (M-423, M-481, & SM-

25, Newport), the needle tip height and angle of attack

relative to the target surface are set. Figure 7 depicts the

measured force and distance values in function of time.

Each puncture sequence can be categorized in four periods.

Firstly, the user approaches the target. The distance between

the target surface and the needle tip gradually decreases

FBG interrogator

iOCT GUI

Position control setup

Surgical microscope

iOCT

Instrument

In vitro puncture target

Fig. 8. Overview of the used materials to perform in-vitro cannulations.

while forces remain around zero. Secondly, a steep positive

rise in force level followed by a negative drop in force

level indicates respectively needle tip contact and puncture.

At this time, the user stops the instrument motion causing

the measured distance value to remain constant. Thirdly, a

negative force value paired with a rise in measured distance

indicates the start of needle retraction, followed by the needle

tip being retracted from the target once the force returns

to zero. Finally, the user returns to the initial position at

approximately 0.5 mm above the target. At this point, the

cycle is repeated.

B. Ex-vivo distance estimation

The instrument handle is fixated vertically to a precision

single axis spindle drive (LX 20 series, Misumi) in com-

bination with a position controlled DC-motor and encoder

combination (EC30, Maxon Motors). This spindle and motor

combination provides a positional resolution of 0.25 µm.

A sinusoidal cyclic loading pattern with a period of 30 s

providing a translation interval between 0 and 1.5 mm was

applied for a duration of 10 minutes. Translational speed was

limited to 500 µm/s. Four ex-vivo enucleated porcine eyes
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Fig. 9. Boxplots of the mean-normalized residual distance error for each
ex-vivo dataset. Boxes indicate the 25-75 percentile range, limits indicate
full range with outliers removed. The calibration dataset of Figure 6 (e) is
shown for relative comparison

were used in two different orientations, providing 8 datasets.

Figure 9 shows the outcomes of the ex-vivo experimental

validation of the distance estimation algorithm. For each

dataset, a boxplot of the residual error between the applied

and calculated displacement is shown. The characterisation

dataset is shown for relative comparison. The mean preci-

sion (5-95 percentile range) across all ex-vivo datasets is

determined to be 0.239 mm, as opposed to the 0.064 mm

precision achieved during characterisation. It is concluded

that the implemented algorithm suffers a factor 3.7 drop in

precision when implemented ex vivo.

V. DISCUSSION

This work reported on the development of a novel com-

bined force and distance sensing cannulation needle for reti-

nal vein cannulation. The force and distance measurements

rely respectively on 2 FBG fibres and a single OCT A-scan

fibre which were integrated into a 0.55 mm instrument shaft.

Characterisation of the force-sensing-modalities showed a

force precision of 0.2 mN for a maximum response time

of 0.1 s. Characterisation of the distance-sensing-modalities

showed a distance accuracy and precision of respectively

0.010 mm and 0.064 mm for a maximum response time of

0.1 s. Based on in-vitro experimental validation, it was shown

that the developed sensorized instrument is able to reliably

display puncture events, as well as display a stable real-

time estimate of the distance of the needle tip to the target

surface. Ex-vivo experimental validation of the implemented

distance sensing algorithm shows that while distance esti-

mation remains feasible, precision drops a factor 3.7 relative

to reference surface characterisation. It is hypothesized that

this is mainly due to the reduced reflectance of the ex-

vivo tissue. These ex-vivo results highlight the need for

further development of real-time distance estimation algo-

rithms in order to enable ex-vivo and in-vivo usage. Future

work includes the development of more advanced distance

estimation algorithms, and the integration of the developed

sensorized instrument with a surgical robotic system.
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