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Abstract— Recent work on probe-based confocal
endomicroscopy has demonstrated its potential role for
real-time assessment of tumour margins during breast
conserving surgery. However, endomicroscope probes tend to
have a very small field-of-view, making surveillance of large
areas of tissue difficult, and limiting practical clinical
deployment. In this paper, a new robotic device for controlled,
large area scanning based on a fibre bundle endomicroscope
probe is proposed. The prototype uses a 2-DOF mechanism (-90
to +90 degrees bending on one axis, 360 degrees of rotation on a
second axis) as well as a passive linear structure to conform to
undulating surfaces. Both axes are driven by brushless DC servo
motors with computer control, thus facilitating large
field-of-view mosaicing. Experimental results have shown good
repeatability and low hysteresis of the device, which is able to
scan different surface trajectories (e.g. a spiral pattern over a
hemi-spherical surface) with consistent tissue contact. Ex vivo
human breast tissue results are demonstrated, illustrating a
viable scanning approach for breast endomicroscopy.
I.

INTRODUCTION

Breast cancer is currently the second leading cause of
death of women in Europe [1]. Smaller cancers are often
treated by breast conserving surgery (wide local excision), a
procedure to remove the tumour and a surrounding cuff of
normal tissue while leaving the remainder of the breast intact
[2]. Currently, definitive assessment of whether the tumour
has been completely excised can only be made
post-operatively through histology. If the margins of the
excised tissue are found to contain cancer cells (known as
‘positive’ margins), then this implies that the tumour has not
been entirely removed, and that there is a high risk of cancer
recurrence [3]. The patient will often be required to return to
theatre for a second operation. This carries a further risk of
postoperative infections, has a negative impact on cosmesis,
and increases costs due to longer stays in hospital [4].
In the UK, the proportion of patients with positive surgical
margins ranges from 20% to 40% [3, 5] and the national
reoperation rates are 30% for non-invasive and 18% for
invasive breast cancer [6]. These high reoperation rates
suggest that a real-time, intraoperative technique for
confirming complete removal of the cancer during surgery
itself could have a significant impact on patient outcomes.
Unfortunately, existing techniques such as gross examination
by palpation [7] and intraoperative radiography on specimens
[8] are not reliable. Frozen sections (a faster alternative to
histology) can be used for intraoperative evaluation while the
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patient remains anaesthetized, but are rarely performed as they
are costly, prolong the surgery [9], and are less reliable for the
evaluation of non-invasive or small cancers [10].
Fluorescence confocal endomicroscopy [11], a cellular
scale endoscopic imaging technique, is a candidate technology
for real-time assessment of breast tumour margins. Confocal
microscopy is distinguished from conventional microscopy by
its ability to reject out-of-focus background light. This makes
it suitable for use in vivo, where thick tissue must necessarily
be imaged. Several groups have already considered bench-top
confocal microscopy for analysis of breast tissues (for
example [12]), and confocal endomicroscopy has also recently
been suggested [13]. These results have indicated that it is
possible to visualize key morphological structures of normal
and cancerous breast tissue. Unlike bench-top microscopy,
endomicroscopy could potentially be used directly on the
internal surface of the breast cavity created during surgery
rather than on ex vivo tissue samples.
In fluorescence confocal endomicroscopy, tissue is first
stained using either topical or intravenous fluorescent contrast
agents such as acriflavine hydrochloride and sodium
fluorescein respectively. An image is then assembled in a
point-by-point fashion by scanning a laser beam over the
tissue surface. This scanning, which is a necessary feature of
confocal microscopy, must be performed at high speed in
order to achieve useful frame rates. The difficulties associated
with miniaturizing high-speed scanners [11] have led to the
development of fibre-bundle based endomicroscopes.
Cellvizio by Mauna Kea Technologies, for example, can be
used to identify characteristic morphological features of
neoplastic and non-neoplastic changes of the gastrointestinal
tract [14], biliary strictures [14] and lung [15]. A range of
other applications have also been considered, and recently the
potential for confocal endomicroscopy to image benign and
malignant morphological features of breast tissues, and so to
be used as a form of intraoperative surgical guidance, has been
suggested [13].
One limitation arising from the use of fibre bundles is a
trade-off between lateral resolution and field-of-view. Fibre
bundles contain a finite number of cores (typically 30,000),
which essentially act as pixels in the image. Whilst
high-resolution endomicroscopy is possible through the use of
non-unity magnification optics at the distal tip of the fibre
bundle, the result is always a proportional reduction in the
field-of-view. High-resolution fibre bundle endomicroscopes
(e.g. Cellvizio UHD probes) are limited in field-of-view to the
order of 240 µm, making surveillance of large areas of tissue
difficult.
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The effective field-of-view can be increased by mosaicing:
stitching together of adjacent image frames as the probe is
moved across the tissue [16-19]. This tends to be rather
difficult to perform, requiring careful control of the probe over
small scales. In practice, manual handling of large area
coverage can be difficult and time consuming, thus motivating
the development of mechanical scanning devices which could
translate the endomicroscope probe smoothly over a 2D area.

joint, one spur gear link, and one rotation gear shaft (Fig. 1).
The base and tip frames are linked via the pin joint, while the
spur gear is fixed to the tip frame. The bending motion is
driven by the rotation gear shaft which sits inside the base
frame and engages with the spur gear. When the rotation gear
shaft rotates by angle α, it provides the tip frame with a
moment around the pin joint, thus achieving a bending angle
of angle θ. The relation between α and θ is:

Our early work was focused on the development of an
articulated robot for the general manipulation of biophotonics
probes for minimally invasive surgery [20]. Recent
developments in this research area include a scanning device
by Rosa et al., which employs hydraulic micro-balloons [21],
and one by Erden et al., using a conic structure [22]. A
force-adaptive motion control approach has been proposed by
Newton et al., which uses an articulated robotic endoscope
[23], a handheld device by Latt et al. [24], or a cooperative
robotic arm [25] to generate a 3D map of the tissue. Attention
has also been paid to solving the difficulties associated with
scanning over large areas of deformable tissue and reliably
assembling mosaics [26-28].

The rotational motion is achieved by rotating the base
frame and the rotation gear tube at the same speed and in the
same direction. Together with the bending motion, this
provides the hemi-spherical workspace shown in Fig. 2. For
example, a spiral trajectory can be achieved by rotating the
base frame and rotation gear tube simultaneously at varying
rotational speeds. The radial position h is related to the angles
of rotation by:

The solutions described in [21] and [22] were targeted at
applications for which the scanning device must firstly remain
very compact, and secondly must be flexible. As a result, only
relatively small areas of tissue could be mosaiced. The
requirements for a scanner for imaging the breast cavity are
somewhat different, with ergonomic constraints relaxed, but
with a need to scan over a large, 3D curved surface [25].
Studies so far which have shown large area mosaics using
mechanized scanning of endomicroscope probes [25, 28]
involved complex robotic systems that could not easily be
adapted to in vivo clinical use. This application therefore
requires a new device which is capable of scanning over a
much larger area of tissue, in a more reliable and repeatable
manner, but with simpler mechatronics.
To this end, we have developed a prototype device which
would allow scanning over the internal surface of the breast
cavity. The scanner is designed to be inserted through the
incision created during breast conserving surgery. When the
scanner approaches the target imaging area, the tissue surface
is shaped to a smooth surface by a thin transparent plastic
membrane attached to the scanner. The device then smoothly
scans the endomicroscope probe over a large, 2D area of
tissue, allowing a mosaic to be assembled.

))
The angular position around the spiral is given by the
rotational angle of the base frame (β).
B. Passive linear structure
The passive linear structure is shown in Fig. 3. It consists
of the contact head, two freely rotating balls, a spring and the
tip frame. The balls, which are embedded in the contact head,
rotate during scanning, acting as wheels, while the spring
ensures constant contact between the head and the tissue. This
structure is designed to allow effective scanning over
undulating surfaces.
A membrane is fixed to the support attachment. In breast
endomicroscopy, this can be inserted into the breast cavity to
reshape the uneven surface of the tissue. By ensuring
consistent tissue contact, it creates a smooth surface for
scanning. Provided the membrane is sufficiently thin, the
finite working distance of endomicroscopy probes (which can
easily be arranged to be of the order of several tens of
microns) allows tissue to be imaged.

In this paper, a prototype of the scanner with 2 degrees of
freedom (DOF) scanning mechanism and a 1-DOF passive
linear structure is described. In the following sections, we
include: 1) a description of the novel mechanical design, 2)
integration with the endomicroscope and mosaicing software,
3) mechanical performance analysis, 4) mosaicing
experiments and 5) results of ex vivo human breast tissue
experiments to evaluate the potential of this device for breast
endomicroscopy.
II. DESIGN CONCEPT
A. 2-DOF scanning mechanism
The device is able to scan over a 2D curved surface by
bending and rotation of the distal tip. The distal structure
consists of two cylindrical tube frames (tip and base), one pin
3525

Figure 1. Bending mechanism, transforming rotational motion of the gear
shaft to a rotation of the frame, enablinga ± 90 degrees bending motion.

radial spacing between turns. For experimental purposes, the
actual signal output of the motor, including rotation speed,
and rotation angle, as well as the effective scan speed and
scan area, are displayed and recorded. In future we intend to
use this information to assist with the assembling of mosaics.

(a)

(b)

Figure 2. Rotating mechanism, (a) Rotating model of bending distal end,
(b) workspace of bending distal end.

Figure 4. System configuration of scanner. The multi-DOFs distal end is
sterilizable and separable from the driver unit
Figure 3. Passive linear structure.

III. SYSTEM ARCHITECTURE
The proposed hardware consists of the multi-DOF distal
end, the driver unit, a computer-based control unit and a fibre
bundle endomicroscope as shown in Fig. 4.
A. Multi-DOF distal end
The distal end has a 1-DOF bending and a 1-DOF rotating
mechanism. The prototype has an outer diameter of 6 mm,
and a length of 83 mm, while the bending tip has a length of
23 mm (Fig. 5). The prototype is equipped with one 3 mm
diameter central channel, through which the endomicroscope
probe can be passed. The distal end (except the contact tip)
was fabricated from stainless steel, while the contact tip was
rapid prototyped (VeroBlackPlus, Objet Geometries Ltd.,
Israel). The endomicroscope probe is passed through the 3
mm working channel of the scanner and fixed in place by a
screw on the distal tip.
B. Driver unit
The rotation gear shaft and base frame, which are placed
concentrically, bend and rotate the distal end using two
brushless DC-servomotors (1226 E 012 B K1855, Fauhaber
SA, Germany) with rotation gears (Fig. 5). A spring structure
is located posterior to the rotation gear for minimizing the
backlash between the rotation gear shaft and spur gear link.
Hall effect sensors are used to detect the rotation angle of the
shaft for the purposes of feedback control. The motion
controllers have been integrated into the driver unit. The
distal end is specifically separated from the driver unit,
allowing it to be cleaned and sterilized.
C. User interface
A custom designed user interface has been developed to
control the prototype from a standard PC. Once the scan
parameters are entered, the device can scan the target surface
automatically. These parameters include the linear velocity of
the probe, the required number of turns in the spiral and the

Figure 5. Prototype of the scanner. (a) The scanner with the
endomicroscope probe inserted; (b) distal end showing dimensions; (c)
details of the driver unit with rotation gear, brushless DC-servomotors, gear
head and Hall sensor.

D. Fibre bundle confocal endomicroscope
The fibre-bundle and micro-lens assembly (the ‘probe’)
used for this study are from a commercial endomicroscopy
system (Cellvizio Gastroflex UHD, Mauna Kea
Technologies), and were used with in-house laser scanning
and image acquisition systems. This custom acquisition
system allows a combination of imaging, mosaicing and
scanner control for real-time use. The laser scanning system,
which is similar to several others systems reported in the
literature [11, 29, 30], uses a galvanometer mirror, a resonant
scanning mirror and relay optics to scan a 488 nm laser beam
over the proximal end of the fibre bundle. This scanning
pattern is transferred to the tissue by the bundle and the distal
optics, giving a usable circular field-of-view with a diameter
of approximately 240 µm. Returning fluorescent emission is
de-scanned by the same scanning system, diverted by a
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dichroic mirror, and focused through a pinhole onto an
avalanche photodiode (APD). The signal from the APD is
digitized by a high-speed digitizer (National Instruments),
and image frames are assembled using software developed in
Labview (National Instruments). The honeycomb-like image
structure arising from the fibre bundle is removed using a
Gaussian spatial filter. Images are displayed live to the user at
10 frames per second, and also streamed to an uncompressed
AVI.
E. Mosaicing software
For testing purposes, we implemented a simple, offline
mosaicing algorithm in Matlab. Since the 2D motion of the
scanner is partly achieved through rotation of the distal tip,
we expect rotation between successive image frames in
addition to a lateral translation. This rotation can be corrected
for prior to mosaicing as follows. For initial experiments, we
set the software to rotate each image frame by a number of
trial angles (between 0 and 8 degrees in steps of 0.5 degrees)
and computed the normalized 2D cross-correlation between
each rotated image and the previous frame. The most likely
rotation angle and lateral shift could then be calculated by
searching for the cross correlation peak across the three
dimensions. If the cross-correlation peak fell below a
threshold (empirically set at 0.92 in this study), the shift and
rotation was instead assumed to be the same as for the
previous pair of frames. We did not use a blending algorithm the new frame is simply copied to the mosaic in the estimated
position, over-writing any existing pixels. The algorithm is
therefore a simplified version of those previously reported for
mosaicking of confocal and widefield endomicroscopy
videos [16-19, 31]. The algorithm could be improved by
attempting to correct for the raster scan formation of the
images, and inevitable tissue deformation [27].
F. Trajectory Selection
The time taken to complete a scan would be an important
consideration when translating this technology to the clinic.
Given the fairly low (10 Hz) frame rate of the
endomicroscopy system, it is important to cover the required
scanning area as efficiently as possible. This is complicated
by the need to ensure sufficient overlap between image
frames for robust mosaicing. We found experimentally that a
shift of 40 µm between images (i.e. an overlap of 200 µm)
was necessary to ensure consistent results, implying a
maximum acceptable linear velocity of 0.4 mm/s.

Figure 6. The diameter of the circular area that the device can scan over in a
given time for values of the loop spacing
between 0.2 and 1 mm (in
0.1 mm steps). Note that a value below 0.24 mm would be required for a
spiral without gaps.

While a large number of trajectories are possible, we
selected a spiral path as an effective way of covering a
circular scan area. (Selection of the optimum trajectory for
different scan areas is a topic of further investigation). If the
spacing between spiral loops is set at 0.24 mm then the loops
of the spiral will just touch; any larger and there will be areas
between the loops which are not imaged. We modeled the
diameter of the scanned area for different loop spacings; the
results are shown in Fig. 6. The dotted line shows the settings
chosen for the experimental results in the following section.
These results were computed by integrating over the
length of the particular spiral defined by the required loop
spacing and total time. The diameter was then taken as twice
the radius of the final point of the spiral. A good
approximation of these curves can be obtained if we note that
the length of a spiral of radius and loop spacing
can
be approximated by:

If the spiral length is scanned in time , with a frame rate F of
10 s-1 and a frame overlap of , is given by
,
then a first order approximation for the scan diameter can
be derived:
√
The longest diameter of the resulting mosaic would be equal
to
.
For the current configuration, the frame rate is 10 s-1 and
we chose an image spacing
of 0.04 mm (as discussed
above). If a continuous mosaic (i.e. a spiral without gaps
between loops) was required, then the loop spacing
would
need to be on the order of 0.2 mm, giving an approximate
scan time
seconds for a circle diameter of mm.
However, for the results presented below we set
mm,
giving a more favourable
, albeit for a spiral that
now contains gaps.
IV. EXPERIMENTAL RESULTS
A. Mechanical performance
We first tested the mechanical performance of the 2-DOF
scanning mechanism. The bending and rotation angles were
evaluated against the target angles using a digital video
camera. For the bending mechanism, measurements were
performed in four parts: (a) bending from 0 degrees to +90
degrees, (b) returning to 0 degrees, (c) bending 0 to -90
degrees, and (d) returning again to 0 degrees (d). We repeated
this set of measurements three times. Results are shown in Fig.
7(a). Similarly, for a test of the rotating mechanism the
scanner was first rotated from 0 to 360 degrees (e), and then
returned to 0 degrees (f), as shown in Fig. 7(b).
These results demonstrate that the prototype can
successfully achieve ±90 degrees of bending and 360 degrees
of rotation. Standard deviations of the measured angles were
±1.07 degrees for the bending motion and ±0.41 degrees for
the rotational motion on average. The maximum hysteresis for
bending was 4.54 degrees and for rotation was 1.79 degrees.
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We then evaluated the trajectory of the tip using an NDI
Aurora Electromagnetic Tracking System (NDI Corp, CA). A
mini electromagnetic sensor with 6 DOFs was attached to the
tip of the scanner, allowing its position to be measured. The
trajectory of a full spiral scan is shown in Fig. 8. The trajectory
shows that the scanner can cover a large area with a radius of
23 mm.
(b)

(c)

Figure 8. Trajectory of a sample scan measured by the Aurora probe. (a)
Setup for the experiment. (b) 3D trajectory of spiral scan, (c) 2D trajectory of
spiral scan.

(a)

Figure 9. Mosaic created from large area spiral scan over lens tissue paper
stained with acriflavine. Circled insets are shown at approximately 2.5X
magnifcation. Stitching between individual frames is visible in the insets.

(b)
Figure 7. Results of 2DOF scanning characteristic test, showing
relationship between target angles and actual bending and rotating angles. (a)
1-DOF bending mechanism, (b) 1-DOF rotating mechanism.

(a)

B. Image mosaicing
The prototype has the capability to scan over an area using
various trajectories, such as linear scans, concentric circles
and spiral scans. This was demonstrated by scanning a
non-overlapping spiral pattern over a piece of lens tissue paper
stained with acriflavine. The resulting mosaic is shown in
Fig. 9. The scanner motors were controlled so as to maintain
an approximately constant probe tip velocity of 0.4 mm/s, or a
shift of approximately 40 µm between image frames. The
spacing between loops of the spiral was set to approximately
1 mm, corresponding to the settings indicated by the dashed
line in Fig. 6. This allowed the spiral to be scanned in
61 seconds, and a mosaic to be created from 610 image frames.
Note that the diameter of the spiral is approximately 4 mm,
somewhat smaller than would be predicted from Fig. 6, most
likely due to a combination of mosaicing errors and
deformation of the scanned surface. This diameter is also
considerably smaller than the full scan range of the system for
reasons we discuss below.
C. Ex vivo breast tissue experiments
We confirmed the ability of the system to obtain
consistent ex vivo images from freshly excised,
acriflavine-stained human breast cancer tissues. All subjects
gave prior written informed consent and Human Tissue
Authority licence and ethics approval were obtained from
Imperial College Tissue Bank (R12047).
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For this test we performed linear scans by driving only the
bending motor and leaving the rotational position unchanged.
This allowed us to obtain high quality mosaics using a simple,
real-time normalized cross-correlation algorithm as we did
not need to consider rotations. For this test we fixed the
transparent membrane onto a support ring which was fixed to
the rotational shaft of the scanner, as shown in Fig. 10(a). Fig.
10(b) shows mosaics of linear scans (approximately 5 mm in
length) obtained over ex vivo human breast tissue.
V. DISCUSSION
In this paper, we have proposed a large area scanner for
breast endomicroscopy, and we confirmed that our prototype
has a large workspace, high repeatability and small hysteresis.
The distal end of the scanner enables bending between ±90
degrees, and rotation of 360 degrees, with repeatability of
±1.07 and ±0.41 degrees respectively. Backlash was reduced
by a spring structure in the driver unit, which engages the
rotation gear shaft against the spur gear link. The hysteresis
between the rotation gear shaft and the spur gear link was
small at a maximum of 4.54 degrees. This could be
minimized further by increasing the precision of the gear on
the rotation gear shaft.

(a)

The trajectory experiment with the NDI Aurora
Electromagnetic Tracking System showed that the distal end
achieves a smooth large spiral scanning motion in 3D space
when unloaded. The scan area was a hemispherical surface
with a radius of 23 mm, which is considerably larger than for
previously reported endomicroscopy scanners. However,
forming a continuous mosaic over such a large area would be
an interesting image processing problem which is being
investigated separately. It may be preferable to instead create
an array of smaller mosaic centered on user-specified points
of interest. Such an approach can be easily accommodated by
the proposed hardware design.
A further impediment to achieving a large area scan is the
flexibility of the fibre bundle probes. We are not aware of
minimum bending radius specified for the probe used here,
but commonly used Fujikura fibre bundles have a minimum
bending radius of the order of 70 mm (FIGH-30-800G). It is
therefore unlikely that the full hemispherical scan could be
achieved in practice. To resolve this issue, more flexible fibre
bundles such as Schott leached imaging bundles, together
with customized distal optics, need to be used.
To demonstrate the potential of the device to image over
substantial areas of tissue we implemented a cross-correlation
based mosaicing algorithm. Since the position and angle of
each frame is determined by comparing it with the previous
frame, this method accumulates errors during the scan. This
would prevent a gap-free image from being generated, as it is
unlikely that the loops of the spiral would correctly align. A
more complex mosaicing algorithm would therefore be
required for clinical use, one that uses positional feedback
from the motor and takes account of tissue deformation.
Given the likely high computational requirements of such an
algorithm it may be necessary to implement a simpler, online
version for provisional, real-time visualization, and a more
complete, offline version for diagnostic purposes.
The ex vivo tissue evaluation in this study has shown that
the scanner has strong potential to enable stable imaging from
human breast tissue. A support ring with a membrane as an
attachment was used to facilitate linear scanning. Together
with the passive linear structure we found this to be a useful
method for slightly reshaping the tissue surface to allow
smooth scanning. The membrane could also be inflated by air
or water and this could potentially conform irregular cavity
surfaces to the smooth, spherical membrane surface, thereby
aiding large area scanning of irregular surfaces.
VI. CONCLUSIONS

(b)

(c)

Figure 10. Mosaic images, (a) Setup. (b) Human breast fat: numerous
polygonal-shaped, dark-coloured cells with thin hyperfluorescent borders
depicts the typical appearances of fat cells. (c) Human breast cancer:
markedly disorganized architecture with hypercellularity and haphazard
arrangement of cells. Circled insets are shown at approximately 6X
magnification.

In this study, we have developed a scanning device to
address the problems associated with scanning and mosaicing
over large tissue areas in confocal endomicroscopy. This
device was designed specifically for use during breast surgery,
and so is substantially different from previously reported
endomicroscopy scanners. By sacrificing the miniaturization
required for flexible endoscopic use, our rigid device makes it
possible to scan over a much larger spherical surface. This is
achieved through use of a novel 2-DOF scanning mechanism,
together with a passive linear structure for smoothing the
tissue surface. We have demonstrated the creation of a mosaic
over a substantial portion of the scanning workspace,
demonstrating the potential to provide a much larger
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field-of-view for ‘optical biopsy’ than has previously been
possible. This could offer the surgeon much more
comprehensive information than simple point imaging or
short manual mosaics, greatly improving the prospects for
intraoperative in situ cavity margin evaluation.
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