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Abstract—Probe-based confocal laser endomicroscopy has a
high potential to be a promising tool that can provide
intraoperative high-resolution in vivo morphological imaging
at cellular and subcellular levels for thyroidectomy, and
allow real-time assessment of tumor margins. However, the
typical images acquired with this technique cover a very small
area limited by the field of view of the probe, accompanied by
tissue deformation and inconsistent probe-tissue contact
when operated manually. In this paper, a novel compact
robotic device for large area scanning has been developed.
The device can scan a large surface in a spiral trajectory by
rotating the tip frame along the spiral groove of the base
frame. The fiber Bragg grating sensor with a passive linear
structure is used to detect and maintain a stable probe—tissue
contact force during scanning. An active linear actuation is
also integrated for adjusting the probe-tissue contact level
prior to each scan. Results demonstrate that the scanning
device ensures a suitable probe-tissue contact force and
compensates for simulated hand tremor. Mosaicing results of
lens tissue paper and porcine belly tissue with both bench and
hand-held experiments show the effectiveness and usability of
the device, demonstrating the potential clinical value of the
system.

Keywords—Thyroidectomy, Confocal endomicroscopy,
Force sensing, Image mosaicing, Mechanical design.

INTRODUCTION

Over the last few decades, thyroid cancer incidence
has been appreciably increasing in most areas of the
world. It was estimated that there were 230,000 cases
of thyroid cancer among women and 70,000 among
men, and numbers of deaths from thyroid cancer were
27,000 in women and 13,000 in men in 2012.* The
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most effective treatment for thyroid cancer invading
the larynx and trachea is a complete surgical resection
of the tumor. Surgical options in this situation include
the shave procedure, partial laryngectomy, and total
laryngectomy.'® However, complete tumor removal is
currently confirmed post-operatively by tissue biopsy
through histology. In some cases, when a patient is
receiving surgery in an operating room, the surgeon
has to wait for the results of the pathology analysis in
order to orient the procedure Current extemporaneous
tissue biopsy requires at least 20 min for this process.'?
If there still exist some cancer cells on the edges of
excised tissues, the patient will be required to return to
the operating theatre for further surgery.>> The re-
operation has many shortcomings, such as the risk of
infections, poor cosmesis, long-term hospitalization
and higher costs."’

In recent years, the technology that could provide
in situ, , in vivo functional imaging of the target organs
at cellular and subcellular levels has become an
important research topic. The aim of this technology is
to perform intraoperative optical biopsies on the target
to determine whether cancer patients are appropriate
candidates for surgery or would be better suited to
chemotherapy or radiation treatment. The core tech-
nology of optical biopsy is confocal endomicroscopy,'’
which has the technical advantages and physical
properties to provide high resolution, real-time, and
in situ imaging at cellular and subcellular levels.>*¢2®
It has the potential to strengthen diagnosis and provide
valuable real-time tissue information during minimally
invasive surgery, and to avoid the risk of tissue damage
from standard tissue biopsy. Fluorescence confocal
endoscope has been developed for imaging and diag-
nosing carcinoma in situ, such as in the gastrointestinal
tract lumen,”*' lung,”® and peritoneal cavity. In
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particular, some studies have demonstrated that the
confocal endomicroscopy is a useful method for
parathyroid glands and neck dissection.®’

However, the field-of-view of endomicroscopy is
limited in observation range (typically smaller than
0.5 mm in diameter for high resolution probe), and
only partial characters could be studied from the
images. Thus, a micro panoramic image of the target is
necessary for the surgeon to make the right decision.
Mosaicing algorithms could solve this problem by
merging the adjacent images together to display large
field-of-view image.”**® The functional status of the
target could be fully demonstrated to the surgeon from
the mosaicing results.

Though fair quality mosaicings can be obtained by
manually moving the probe across the tissue surface,
the quality of the images is affected by many factors
such as the image features, the velocity of probe, the
probe—tissue contact state and the scanning trajectory.
Thus, controlling the probe to obtain consistent and
stable images is necessary for endomicroscopy to be
widely used in modern clinical practice.*’ Several
groups have presented a few compact miniaturized
mechatronic devices to facilitate smooth and consistent
movement of the probe on the tissue sur-
face.”!-31:334042 Eor example, Rosa er al. developed a
scanning device using hydraulic micro-balloons for the
organs inside the abdominal cavity.*® Erden er al.
proposed a distal scanner using the conic-spiral
mechanism to perform automated spiral scan with the
probe.'! Zuo er al. developed a balloon linkage scan-
ning mechanism® for microscopic imaging during
breast conserving surgery.

For the devices described in Refs. 11 and 33 the
areas imaged by these designs are typically less than
3 mm”. The requirements for scanning the cavity in
thyroidectomy are somewhat different. The actual size
of the thyroid tumor can range between 0.1 and
6 cm.'® Thus, a large surface needs to be scanned over
during thyroidectomy. So far, several studies have
shown large area mosaicings using miniature mecha-
nized scanning of endomicroscope probes’**** How-
ever, all of these devices”™!31:334%42 e lack of force
sensing and active linear actuation for adjusting tissue
contacts. Indeed, the fluctuation of the contact force
has an important influence on the clarity of the images.
This application therefore requires a new robotic de-
vice which is capable of scanning over a large area of
tissue with force sensing and stable tissue contacts, but
with simpler mechanical design.

Force sensing based on fiber Bragg grating (FBG)
sensors is a promising approach to measure the force
of medical instruments. FBG sensor offers a number of
advantages over the strain gage, including lightweight
structures, the absence of electromagnetic interference,
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high sensitivity, good repeatability, fast response, and
a potentially low cost. Due to these special advantages
of the FBG sensor, it has found several applications in
a broad range of disciplines such as aerospace, medi-
cine and civil engineering, where they can be used as
force gauges, shape and temperature sensors. For
endomicroscopy imaging, the probe-tissue contact
force plays a more important role in obtaining good
quality images than other factors. Thus, we applied
FBG sensors to sense the force between the instrument
tip and soft tissues. For force sensing, Russo ef al. used
FBG sensors in laser assisted transurethral surgery to
sense contact forces.** A three-axis FBG force sensor
was investigated by Guo et al. for robot finger.'* Other
applications for force sensing include a contact force
sensing in eye surgery>'> and tool-to-tissue interaction
force sensing in a hand-held micromanipulator.'

In this paper, we propose a new endomicroscopy
scanning device to perform optical biopsies on the
target surface in a spiral trajectory with stable probe—
tissue contact during the neck dissection or thy-
roidectomy (Fig. 1). The FBG sensor monitors the
contact force between the probe and tissue. With the
motion of the device, the probe performs a specific
spiral scanning trajectory. Mosaicing algorithms
process the experimental images, obtaining a large
scale view of the target. Experimental results
demonstrate that the device can achieve large area
endomicroscopy mosaicing during both bench and
hand-held scanning.

MATERIALS AND METHODS

Scanning Mechanism

As the endomicroscopy image is affected by many
factors as mentioned above, to obtain high-quality
mosaicing images, the probe needs to make stable and
consistent contact with the target tissue during scan-
ning. We chose spiral trajectory as an effective way to
scan cover the target tissue surface. A primary
advantage of the spiral trajectory is no mutation in the
direction of velocity compared with other trajectories.
If there is any mutation in the direction of velocity, the
frame rate of imaging system may not be fast enough
to follow the sudden rise of the velocity of the probe.
Hence, the mutations in scanning direction can also
lead to large tissue deformation, which could affect the
efficiency of the scanning and mosaicing. Figure 2
illustrates the scanning mechanism. The scanning unit
consists of the tip frame, tip slider, slider fixture, base
slider, rotation gear, bearing and base frame. The
Nitinol lever (0.35 mm in diameter) of the tip frame is
inserted into and guided by the spiral groove (0.4 mm
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FIGURE 1. Concept of the system during thyroidectomy.

in width) of the base frame. The spiral groove is fab-
ricated in the base frame by high precision wire-cut
EDM (with a tolerance of + 0.005 mm). The tip frame
is also guided by a linear groove on the slider fixture.
The slider fixture is sandwiched between the tip slider
and base slider, which can guide the tip frame to
achieve a stable spiral trajectory and prevent unex-
pected motion. The rotation gear and base frame are
fixed to the bearing structure to achieve separated
rotating motion. Thus, if the slider fixture is rotated,
the tip frame will rotate along the spiral groove of the
base frame, and then achieve a spiral trajectory. Since
the field-of-view captured by the endomicroscopy sys-
tem is 0.8 mm in diameter in this study, the spiral loop
spacing is designed to be 0.8 mm, which could make
edges of the scanning images just touch. The gear fix-
ture is driven by a pair of rotation gears though a high-
resolution brushless DC-servomotor equipped with a
gear head and a Hall effect sensor (1226E 012 B K1885
Faulahaber SA, Germany), which can achieve an
accurate closed-loop position control and enough
torque output for scanning soft tissue.

An active linear actuation has been integrated into
the device to adjust the contact between the probe and
tissue. The principle of the mechanism is demonstrated
in Fig. 3a. An M3 screw is connected with the DC-
servomotor by coupling, while the nut is inserted into
the slide block. The slide block could slide smoothly
along the linear guide, which drives the scanning tip to
achieve a linear motion. Then, tissue contacts could be
adjusted by this mechanism.

The imaging fiber bundle is fixed to the distal
module by set screws. The distal module is connected
with the tip frame by a rotation-preventing mechanism
as shown in Fig. 3b. Two rotation bearings are fixed to
the proximal module with embedded steel balls which
rotate during scanning. Combined with an elastic
rubber band, this structure prevents the endomicro-
scope probe from rotating around its axis during
scanning.

A FBG sensor is cast in a spring by Silica Gel, which
is used as a force sensor to detect probe—tissue contact
level during the scanning. The spring structure can also
ensure consistent contact between the distal end and
tissue. The FBG sensing unit is installed into the
middle module and connects with the distal module.
When the probe compresses the tissue, the wavelength
of the reflected wave of the FBG sensor will be chan-
ged, reflecting the contact force between the probe and
tissue. This structure is designed to achieve a suit-
able probe-tissue contact force and compensate for
hand tremor with force sensing.

The scanning prototype is illustrated in Fig. 3c. The
scanning shaft is 9 mm in maximum outer diameter
and 118 mm in length. The structure is fabricated in
ABSplus. A cylindrical cover with 29 mm in diameter
encloses the actuation unit. The total length of the
scanning device is 288 mm, and the total weight of the
scanning prototype is 255 g, thus making it suitable for
using as a hand-held device. The scanning shaft can be
easily separated from the actuation unit, thus being
helpful for cleaning and sterilization. Hence, the
modules can also be separated, making it possible to be
used in a patient-specific design process.

Kinematics, Control Algorithm and Trajectory

A user software has been developed in Labview
(National Instruments). The device can be controlled
by entering different motion parameters. The total
system consists of the motion control and force sensing
unit, the scanning device and the endomicroscopy
system, allowing combination of scanning control,
force sensing and image acquisition for real-time use
(Fig. 4).

A compact and continuous mosaicing could be
achieved by scanning the tissue in a spiral trajectory
with the probe. The tangential velocity Viangential and
the loop spacing Al are two important parameters of
the scanning. The tangential velocity is closely related
to the radius R and angular velocity of the motor,
which can be expressed as:

Wml -2n- R
1y - 60
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Vtangential =
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FIGURE 3. The prototype of the scanning device, showing (a) the configuration of the linear actuation; (b) the configuration of the

scanning tip; (c) the image of the scanning device.
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where p; is the gear reduction ratio of the scanning
mechanism, W, is the angular velocity of DC-servo- _— t s s s
motor, and R is the radius of the spiral trajectory. Ah Seiral = / R de= [ & Ah™ - W, -1 dr (mm?) (3)
(0.8 mm) is a constant value determined by the groove P 2 143 - 603
on the base frame. 0 0

The theoretical mosaicing area Sqpirai achieved by When,
the spiral trajectory is related to the angular velocity W
W, and the loop spacing Ah. It can be expressed as ml > 1
follows: Hy - 60
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Combining (3) and (4), the complete expression for
the theoretically covered mosaicing area Sgpira can be
given by (5).

t

AR W3 2 ) W, -
e ml T mm mi-t

LOf /[?‘6031 dr ( ) 50 < 1

S, spiral =

t AR 2
f nAhnWmlr dr (mmz) W]”jl.z >1

For linear actuation, the velocity v,y. and length
laxial Of the linear motion are related to the angular
velocity and the pitch of the thread used for driving.
The relationship can be expressed as follows:

- Wm2 .
axial 1L - 60

P (mm/s) (6)

laxial = Vaxial - ¢ (mm) (7)

where p, is the gear reduction ratio of gearbox, W, is
the angular velocity of DC-servomotor, and
P(0.5 mm) is a constant value determined by the
thread (M3) used in the device.

The relationship between mosaicing area and time
with different angular velocities of motor is shown in
Fig. 5. Note that the probe used in this system has the
ability to observe an area of 0.8 mm in diameter, so that
the loop spacing of spiral trajectory is set at 0.8 mm.
Theoretically, it could achieve a mosaicing without gap.

Force Sensing

The force sensing system is illustrated in Fig. 4a. By
sending the broadband light into the FBG optic fiber,
the Bragg grating parts reflect one type of center
wavelength peak (1550 nm in this study). By sensing
the reflected wavelength Ap, the strain of the Bragg
grating can be calculated.

/13 =2. né.’ff" A (1’11’1’1) (8)

where Az and A are the effective refractive index and the
length of the grating period, respectively.'® The used
FBG node is 10 mm in length and 160 gm in diameter.
An optical sensing interrogator, sil55 from Micron
Optics Inc. (four channels, with resolution of 0.001 nm
and scan frequency of 100 Hz) is used to monitor the
wavelength variation of FBG sensor. Since the probe
needs to contact with the tissue for obtaining images
during scanning, changes in probe-tissue contact force
result in the wavelength variation. The relationship
between wavelength variation and contact force could
be established by a series of calibration experiments.

Visualization and Mosaicing

The endomicroscopy system used in this study is an
in-house low cost laser scanning system. The imaging
fiber bundle used in this system is a composition of
18,000 cores, and each could provide a ‘pixel’ on the
image captured. It has a length of 895 mm and a
diameter of 1.27 mm. A field-of-view of 900 um image
is captured. The main features of the fiber bundle are
the outstanding performance of flexibility and large
field of view, which meet the requirements of the ro-

botic scanning device.
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FIGURE 5. The relationship between mosaicing area and
time with different angular velocities of motor.

The optical system connected with the scanning
device is demonstrated in Fig. 4c. The optical system is
established based on previously reported system for
in situ cellular imaging.”* The schematic of the optical
system can be illustrated as follows. The targeted tissue
has been previously stained using a fluorescent agent
such as fluorescein or acriflavine. A 450 nm blue LED
was used as the illumination source. The light passed
through the low-pass excitation filter with a cutoff
wavelength of 450 nm, and focused on the dichroic
filter by a collecting lens. The reflected beam from the
dichroic filter focused on the imaging fiber bundle by a
microscope objective. Then the fluorescent of stained
tissue was relayed by the probe and transmitted by the
dichroic filter, a tube lens and an emission filter whose
cutoff wavelength was 500 nm. The fluorescent emis-
sion was finally imaged onto a CCD camera. Images
are acquired at 15 fps by the system and a computer
connected with the CCD camera could record and
store the image information.

The algorithms used to process the video were similar
to the algorithms previously demonstrated in detail."**
For mosaicing, a cross-correlation based mosaicing
algorithm was developed in Matlab. The normalized
two dimensional cross-correlation was computed from a
template extracted from each image and the previous
image. The position of the peak of the cross-correlation
was considered to be the correct shift between the two
images. To create robust mosaicing, each image was
inserted into the mosaicing with the correct shift corre-
sponding to the previous image using distance-weighted
alpha blending to smooth the transition between frames,
over-writing any existing pixel values.

RESULTS

Mechanical Performance Evaluation

In order to evaluate the scanning trajectory of the
device, an NDI Aurora electromagnetic tracking sys-

E BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org

tem (NDI Corp., USA) was used as shown in Fig. 6a.
A mini electromagnetic sensor with 6 DOFs was in-
serted and fixed into the channel of distal module. The
robotic scanning device was fixed on the workbench
and perpendicular to the field generator. Then we
performed the spiral scans four times. We chose one set
of dates randomly to evaluate the workspace and tra-
jectory. The results are shown in Figs. 6b—6f. The 3D
trajectory of spiral scanning with linear motion is
illustrated in Fig. 6b. Figures 6d—6f show the target
and actual x, y and z positions, while the 2D spiral
trajectory is shown in Fig. 6c.

Force Sensing Validation

To validate the relationship between the force and
wavelength variation, a bench experiment with the
robotic device and dynamometer was performed
(Fig. 7a). To minimize the temperature sensitivity in
the force sensing process, all the following experiments
were tested at a stable room temperature (26 °C). The
constant room temperature was achieved by an air
conditioner and measured by a temperature meter. The
experiments were performed after the stable tempera-
ture was confirmed. The scanning tip was controlled by
active linear actuation to contact with the
dynamometer perpendicularly with different contact
forces. Then, the dynamometer with resolution of
0.01 N recorded the contact force and the interrogator
recorded the center wavelengths of the FBG sensor.
The calibration results between the wavelength varia-
tion and contact force are illustrated in Fig. 7b. We
have tested 3 different materials (metal, silica gel and
porcine belly tissue) that have different stiffness for
force calibration. The relationship between force and
wavelength variation has shown a nonlinear manner.
This is due to nonlinear hyperelastic law of the spring
structure.

In case of using the prototype as a hand-held device,
the probe-tissue contact force is closely related with
physiological motion of the hand. The frequency and
typical amplitude of the hand tremor are 8-12 Hz and
50 um p—p respectively.® Furthermore, the endomi-
croscopy probe can obtain stable images when the
contact force is between 0.1 and 0.5 N.?%-3

To confirm the ability of the device to keep consis-
tent probe—tissue contact, we performed bench exper-
iments with a linear DC-servomotor to simulate the
hand tremor in axis direction as shown in Fig. 7c. The
tip of linear motor shaft was lined with the tissue paper
stained with acriflavine to allow imaging. The linear
motor was controlled to provide linear motion with a
p—p amplitude of 100 um and frequency of 8 Hz.

Images captured at trough, centre and crest of the
tremor without the passive linear structure are shown
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mance of the scanning device; (b) 3D trajectory of spiral scanning with linear motion; (c) 2D spiral trajectory; (d) X position; (e) Y

position; (f) Z position.

in Fig. 7e. On the other hand, Fig. 7f shows images
captured with the passive linear structure. The force
variation is shown in Fig. 7d. The fibrous structures of
lens tissue paper can be clearly distinguished during the
whole experiment with the passive linear structure in
Fig. 7f. However, without the passive linear structure,
the images of tough and centre parts of the tremor
(Fig. 7e) are not clear enough. The image of crest part
of the tremor in Fig. 7¢ shows a moment of fair quality
image. That is because the probe tended to push out
tissue paper in that moment. This large contact force
could drag the tissue and affect the mosaicing results.
To achieve smooth tissue scanning motion with small
tissue deformation, a suitable force (ideally smaller
than 0.5 N) is important. During the experiments with
passive linear structure, the contact force variation was
approximately between 0.11 and 0.44 N (Fig. 7d),
which means the passive linear structure was suffi-
ciently good for obtaining good-quality imaging in a
hand tremor situation.

Bench Experiment

We confirmed the ability of the device to obtain
consistent mosaicing for bench experiments with lens
tissue paper (Fig. 8a). The scanning device was fixed
on a passive arm. Firstly, the scanning tip was con-
trolled by the active linear actuation to achieve an

appropriate probe-tissue contact. Then, we performed
the spiral scanning. During the scanning, the endomi-
croscopy system captured the images of the lens tissue
paper and the optical sensing interrogator recorded the
wavelength of FBG sensor. We performed the spiral
scans four times and chose a quite satisfactory
mosaicing without gap (Fig. 8b) and a mosaicing with
a gap at the center (Fig. 8c). Figures 8b and 8c illus-
trate the mosaicing results from the spiral scanning
which covered an area of 17.87 and 18.98 mm’
respectively, while the intended automatic scanning
areas were 21.4 and 24.79 mm? respectively. Thus the
ratios of the covered area to the intended areas are 0.84
and 0.77 respectively. A large number of fibrous tissues
can be clearly observed from the mosaicings. There are
small gaps between the loops of the spiral (Fig. 8b).
The cause of the gaps is likely to be the combination of
mosaicing errors, positioning errors and deformation
of the scanned surface.

Figure 8d shows the force variation (between 0.19
and 0.38 N) during bench experiments with lens tissue
paper. That is a suitable range of contact force for
obtaining stable images during the scanning.

Hand-Held Experiment

The above results of bench experiments demonstrate
the capability of the system to achieve mosaicing with
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lens tissue paper. To simulate the real surgical situa-
tion, we performed the hand-held scanning tests on
freshly excised, acriflavine-stained porcine belly tissue.
The experimental setup for hand-held experiments is
shown in Fig. 8¢. In the hand-held experiment, we
performed the scanning five times. Due to large tissue
deformation and hand moving, we failed two scans to
get acceptable mosaicing results. We randomly chose
two sets of dates from the left three trials for evalua-
tion.

Figures 8f—8g show the examples of the mosaicings
extracted from these experiments. Figure 8f illustrates
a mosaicing that covers an area of approximately
10.79 mm®. The ratio of the covered area to the in-
tended area (15.73 mm?) is 0.693. Figure 8g shows a
second scan, where the mosaicing has an area of
approximately 29.35 mm? (an area ratio of 0.72). It is
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observed that the gaps between the spirals get larger
than the mosaicing results of lens tissue paper during
bench experiments. One reason for this was that the
probe was not positioned vertically enough to the tis-
sue during scanning. The other causes are likely to be
the deformation of the specimen and hand moving
during scanning. However, these images clearly
demonstrated the key morphological features of por-
cine belly tissue. Most prominent were the adipocytes,
and the large polygonal-shaped fat cells, while areas of
fibrous tissue can also be clearly seen. In particular, the
creation of the large area mosaicing enables global
appreciation of the tissue characteristics.

The force variation during the hand-held experi-
ments with porcine belly tissue is shown in Fig. 8h,
which was mostly distributed between 0.07 and 0.60 N.
The contact force was more undulate than that in
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FIGURE 8. The mosaicing and force evaluation of the system, showing (a) the experiment setup for bench experiment with lens
tissue paper; (b—c) the mosaicing results of lens tissue paper during bench experiments; (d) the force variation during the bench
experiment with lens tissue paper; (e) the experiment setup for hand-held experiments with porcine belly tissue; (f—g) the
mosaicing results of porcine belly tissue during hand-held experiments; (h) the force variation during the hand-held experiments

with porcine belly tissue.

Fig. 8d, and sometimes was up to 1.12 N. The main
reasons for this were deformation and the irregular
surface of the porcine belly tissue.

DISCUSSION

In this paper, we have developed a robotic scanning
device for confocal endomicroscopy, especially for
application during the neck dissection or thyroidec-
tomy. As a result, this device achieved large mosaicings
up to 29.35 mm?, which is a significant increase in area
coverage compared to previous study. The actual size
of the thyroid tumour was 0.79 cm in average.'® The
developed device can achieve a maximum 0.76 cm

diameter scanning surface, which verifies its feasibility
of scanning tumour area. We expect that in clinical use,
different tip units would be available to accommodate
different sized tumours. A specially designed passive
linear structure with force sensing was integrated into
the device. Experimental results show that this struc-
ture is useful to compensate the hand tremor in axis
direction as well as detect the contact force. During the
hand tremor simulation tests, bench and hand-held
experiments, a suitable range of contact force (0.07—
0.60 N) for imaging acquisition’*>° was consistently
maintained. Although larger probe-tissue contact
force can also obtain good quality imaging, it tends to
drag the target tissue and make a large tissue defor-
mation. Thus, it is not suitable to carry out a smooth
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scanning motion. Generally, the passive structure in
this study was an effective way to maintain good level
probe—tissue contacts. The active linear actuation was
used to ensure a suitable initial probe—tissue contact
prior to each scanning instead of activation during the
scanning, since the passive structure was sufficiently
good for the clinical purpose of this study. For the flat
tissue targets such as cavity created during thyroidec-
tomy, passive structure may be enough for
stable scanning. In case of large hollow and undulating
surgical cavity, active feedback control of the linear
structure would be important. Further work includes
optimization of the passive linear structure design and
the closed loop control of the active linear actuation
from the FBG sensing feedback.

The contact or external forces usually affect the
trajectory generated by an active actuation mechanism
or move back and forth in actuation motion. However,
the mechanical design in this study is an elegant pas-
sive actuation mechanism (limited by the spiral groove
of the base frame). Hence, the trajectory of scanning
tip is a constant and one way trip. Thus, this
mechanical design could achieve accurate scanning
trajectory even with tissue contact, demonstrated by
the bench experiment. An undesired large tissue-probe
contact force will reduce the travel distance and speed
of the tip due to the deformation of the scanning shaft.
Therefore, the area covered by scanning will be smaller
than the designed value.

The FBG sensor is not easy to maintain and sensi-
tive to the change of temperature. Since the FBG fiber
has an ultra-low cost, it can be used as a disposable
material requiring no maintenance. In this study, we
tested the force sensing at a constant and stable room
temperature. To realize a better sensitivity and accu-
racy of the FBG force sensing, temperature compen-
sation methods and algorithms will be necessary.
Various temperature compensation methods have been
proposed.’** For doing this, it may be necessary to
include another FBG sensor or node.?'*>37 However,
this is not the focus of this paper.

We confirmed that the wavelength variation of the
FBG sensor is mainly related to the probe-tissue
contact force and has little relation with the type of
contact material. Under the same contact force, al-
though the deformation of the materials are different,
the compression status of FBG sensor should be the
same, which results in the same wavelength variation
of FBG sensor. One limitation is that the probe needs
to be positioned vertically to the tissue during scanning
to achieve targeted mosaicing. Axial force is the key to
obtaining good quality imaging. Thus, we designed the
FBG sensor unit that can only be compressed along
the axial direction to sense axial force and can’t be
deformed in the transverse direction.
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It is important to achieve speedy and effective
scanning. The maximum tangential velocity of the
probe that could obtain consistent mosaicing was
1.91 mm/s in this study. It took almost 66 s to reach
the targeted scanning area of 29.35 mm? as shown in
Fig. 8g. Currently, the waiting time of frozen section
to examine tumour margins is approximately 40 min,
and specimen X-rays will take 5-10 min but it has low
accuracy rates. Thus, the ability of the device to ob-
tain large area cellular imaging with about a minute is
effective for surveillance of residual tumour distribu-
tion in the target area. An unreasonable high linear
velocity of scanning tip would ruin a scan. It is nec-
essary to ensure sufficient overlap between image
frames for robust mosaicing. The frame rate of the
endomicroscopy system is 15 Hz in this study. We
found experimentally that a shift of 136 um between
images (an overlap of 664 um) was necessary to en-
sure consistent results, implying a maximum accept-
able linear velocity of 1.91 mm/s. It will fail the
mosaicing if the linear velocity is more than 1.91 mm/
s. In the case of using the device as hand-held
instrument, motion artefacts including large hand
moving, breathing or other patient motion that could
affect the proper probe—tissue contacts may also ruin
a scan.

The base frame with spiral groove was specially
designed and fabricated by wire-cut EDM. This man-
ufacturing method achieves high precision for the
spiral groove, thus allowing smaller hysteresis error
and higher repeatability. In this study, we have pre-
sented detailed results of trajectory evaluation using an
NDI Aurora EM tracking system. The results indicate
that the probe can cover a large spiral trajectory. We
observed errors in the results from theoretical value.
The main cause of the deviation is likely to be the
combination of the gap tolerance errors between the
Nitinol lever and spiral groove, elastic deformation of
the Nitinol lever, the vibration of the shaft during
scanning and the noise by EM tracking system itself.
As the field-of-view captured by the endomicroscopy
system is 0.8 mm in diameter and the spiral loop
spacing of the scanning trajectory is designed to be
0.8 mm, the positioning errors at the tip may result in
gaps between the loops of spiral mosaicing. The
mosaicing results of lens tissue paper (Figs. 8b and 8c)
show good quality images with small gaps. These
mosaicing results demonstrate that the actual trajec-
tories of the tip could follow the target positions at an
acceptable level.

In bench experiments with lens tissue paper, the
results demonstrate that the device can scan the tissue
stably, and the motion of the probe and the image
quality are suitable for generating large area mosaic-
ing. We also show that the probe can maintain a
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consistent contact over large area of porcine belly tis-
sue during the hand-held experiment. However, gaps in
mosaicing were observed due to the deformation and
irregularity surface of porcine belly tissue, and the
random hand tremor in horizontal directions. Never-
theless, this still allows visualisation of a large area and
should be satisfactory for diagnosis purpose.

During the scanning, the device can be fixed on an
arm or hand-held by the doctor. The size and weight
of the device is suitable for easy manoeuvrability. The
compactness and simplicity of the design also increase
the feasibility of commercialization in the future. The
tip modules of the device can be separated easily, thus
it is suitable for using in a patient-specific design
process such as being equipped with different
endomicroscopy probes, sensing units, scanning tra-
jectories and lengths of scanning shaft. In future, by
using visual servoing to correct the scanning trajec-
tory, it is possible to further enhance the current
mosaicing algorithm. Overall, this robotic scanning
device is a robust and economical platform to gener-
ate consistent images in real-time to help making
intraoperative decisions.

CONCLUSION

In this paper, we have demonstrated and charac-
terised a new robotic scanning device that can cover a
large field-of-view in confocal endomicroscopy during
the neck dissection or thyroidectomy. The device can
scan a large surface in a spiral trajectory by rotating
the tip frame along the spiral groove of the base frame.
Probe-tissue contact force can be detected by the FBG
sensor during the scanning. Furthermore, the passive
linear structure is useful to compensate hand tremor
and provide a stable contact between probe and tissue.
We have demonstrated the possibility of scanning over
large surfaces using lens tissue paper and ex vivo por-
cine belly tissue. The mosaicing and force sensing re-
sults show that the scanning device allows high quality
imaging with consistent probe-tissue contact over a
large surface area. The results demonstrate the poten-
tial clinical value of the device to improve the prospects
for intraoperative tumour margin evaluation.
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