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Enhancing Probe-Based Confocal Laser Endomicroscopy
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Abstract— We introduce a novel hybrid vision/force control
strategy for robotic devices designed to obtain clear and consis-
tent images using probe-based confocal laser endomicroscopy
(pCLE). Due to the variable nature of tissue characteristics
encountered during pCLE imaging, the conventional approach
of pre-setting forces or focus metrics for either force or vision
control is often impractical and inadequate. To address this, our
strategy employs a blur metric called the CR score to assess
the level of blur in pCLE images, enabling the attainment of
clear and focused images. At the onset of a pCLE scan, the
system autonomously determines the target CR score for vision
control, in tandem with a real-time peak detection algorithm.
Concurrently, force control is applied judiciously to prevent
excessive force on the tissue, adjusting to ensure minimal force is
applied, thus preserving image focus. This innovative approach
facilitates seamless transitions between vision and force control,
depending on the imaging conditions, thereby ensuring the
acquisition of consistent pCLE images with minimal force. Our
method marks a notable improvement over conventional PID
force control techniques. By dynamically adjusting target forces
and minimizing force application during operation, we not only
enhance the precision and quality of pCLE imaging but also
eliminate the dependency on manual pre-settings.

I. INTRODUCTION

Optical imaging systems equipped with probe-based con-
focal laser endomicroscopy (pCLE) enable the diagnosis and
treatment of biological tissues at the cellular level, both in
situ and in vivo [1]. pCLE facilitates the real-time acquisition
of optical biopsies with its flexibility and compactness,
making it widely applicable in clinical settings, particularly
in the gastrointestinal, urological, and respiratory tracts [2].

However, the field of view (FoV) of pCLE is typically
limited to micro- to sub-millimeter ranges, which restricts
the diagnostic coverage to a narrow area [3]. To address
this limitation, mosaicking techniques have been employed to
create expansive maps by stitching images from consecutive
frames [4]. This approach allows for real-time observation
of broader areas, effectively overcoming the inherent narrow
FoV of pCLE. However, image quality is compromised
by various disturbance parameters, including deformation,
dragging, respiration, and hand tremor, which hinder seam-
less mosaicking. Specifically, the method is susceptible to
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Fig. 1. Proposed semi-autonomous hybrid control strategy: It dynamically
adjusts to maintain high-quality pCLE imaging with minimal force, respond-
ing to changes such as tissue contact and respiratory motion by alternating
between force and vision modes.

acquiring blurred images that are out of focus due to the
shallow depth of field during handheld scanning of the
imaging probe.

Force-based control has been a key focus in various robotic
approaches introduced to address the limitations arising from
manual operation, particularly when interacting with biolog-
ical tissues [S]-[9]. For example, strategies maintaining the
distance between the probe and the tissue by controlling the
force value have been proposed. Latt ef al. present the results
of an early study, in which pCLE imaging was performed
using a voice coil actuator in ex-vivo experiments with a
force magnitude of 100 mN using a simple PID force control
[5]. By extending this study, a device that can be used
in minimally invasive surgery has also been studied [6].
Wisanuvej et al. showed the results of improved mosaicking
by controlling the orientation and force simultaneously [7].
Choi et al. proposed a handheld robotic system with three-
axis force control to interact with biological tissues [8]. A
critical factor influencing the quality of pCLE images is the
distance between the probe and tissue.

Vision-based control has also been employed in research
on robotic approaches for acquiring the high quality of
pCLE images. Giataganas et al. have also conducted a study
of mosaicking in a wide area by applying visual servoing
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Fig. 2. Overview of the system comprising a handheld robot, optical fiber
bundle imaging system, and robot controller.

technology to a handheld device with added degrees of free-
dom [10]. Triantafyllou et al. obtained consistent images by
controlling the position of the probe without a force sensor
despite the tissue moving with in vivo respiration motion
[11]. They implemented vision-based feedback control by
evaluating the image blur level using the Crété-Roffet (CR)
metric, a no-reference perceptual blur metric introduced in
[12]. Li et al. conducted a study to acquire pCLE images
in the eye in a non-contact type by applying image-based
position control to the cooperative robot using the CR metric
[13].

In light of the challenges posed by the variability of tissue
properties during pCLE imaging, previous methodologies
have faced limitations due to their reliance on predetermined
target forces or CR scores. Recognizing the impracticality
of these static approaches in the dynamic and complex
real-world environment of pCLE imaging, we introduce a
semiautonomous hybrid vision and force control strategy
as illustrated in Fig. 1. This approach dynamically ad-
justs applied forces in real-time, ensuring the acquisition
of high-quality pCLE images with minimal contact force.
Our method is rigorously validated through comprehensive
benchtop experiments and further assessed by executing
precise imaging tasks on a dynamic phantom model.

II. MATERIALS AND METHODS
A. Overall System

Our system incorporates a handheld robot integrated with
the imaging probe of a custom-built pCLE system, as shown
in Fig. 2. This handheld robot, outfitted with a GS0-500 load
cell (Transducer Technique, USA), enables precise control
of the contact force between the imaging probe and tissue.
When operated by a user, the robot adeptly manipulates
the imaging probe, facilitating both vision and force control
during pCLE imaging sessions. For instance, it adjusts the
probe to either maintain a specific focus metric—referred to
here as the CR score—or to adhere to a predetermined target
force, thereby ensuring optimal vision and force control.
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Fig. 3. Mechanical design of the handheld micromanipulator.

B. Handheld Robot

The handheld robot integrates a six degrees-of-freedom
(6-DoF) miniature micromanipulator for hybrid vision/force
control, as depicted in Fig. 3. This micromanipulator, lever-
aging a six-prismatic-universal-spherical (6-PUS) architec-
ture, underwent geometrical optimization to endure external
forces up to 3.0 N, as detailed in [14]. This design enables
precise 6-DoF manipulation of the tool tip, achieving both
position and orientation control within a workspace defined
by a cylindrical volume of 3 mm in diameter and 6 mm in
height. Since the physiological hand tremor is known to have
an RMS (root-mean-square) amplitude on an order of 50-200
um at a frequency commonly in a 6-14 Hz band [15], the
manipulator has sufficient workspace to compensate for both
physiological tremors and respiratory motion of the tissue.
Given the focus of this study on the hybrid vision and force
control strategy, linear motion along the z-axis is used only
for control.

C. Probe-based Confocal Endomicroscopy System (pCLE)

The pCLE system features an optical fiber bundle (FIGH-
30-6508S, Fujikura Ltd., Japan) serving as the imaging probe,
enabling cellular-level tissue imaging. Images are captured
using a sSCMOS camera (Zyla 4.2 PLUS, Oxford Instruments,
U.K.) through custom-designed optics. The fiber bundle,
comprising 30,000 cores, achieves a resolution of 2-3 um.
Images, with a resolution of 1024 x 1024 pixels from the
camera, are streamed to the vision PC at a rate of 100
fps. A CNN-based honeycomb artifact removal algorithm
is used to obtain an artifact-free image, which is inevitably
yielded by optical path blocking of cladding layers in fiber
bundle imaging [16]. This preprocessing step is crucial, as
the presence of artifacts can lead to inaccurate CR score
calculations due to the pronounced honeycomb patterns. This
processing is conducted on the vision PC for each image
frame, and the resulting CR score is transmitted to the main
controller via TCP/IP communication in real time, facilitating
precise vision control.
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III. HYBRID VISION/FORCE CONTROL

The objective of the hybrid vision/force control strategy
is to obtain clear and consistent images from pCLE, while
ensuring the contact force on the tissue is minimized. Given
the nature of the probe-based confocal imaging system, such
that the focal plane is established at the end of the fiber
bundle, it would be ideal to position the CLE probe directly
above the tissue surface, exerting little to no force. However,
achieving zero contact force during scanning to observe the
lesion area is nearly impossible. Variations in the distance
between the probe and the tissue, due to movements of the
tissue or its structural differences, may lead to the probe’s
separation from the tissue, surpassing the depth of field
and causing image blur. Conversely, accidental collisions
can result in excessive force. This section describes the
methodology for autonomously determining the target CR
score at the onset of hybrid control and delves into the
workings of the proposed control algorithm, aligning with
the challenges and objectives described.

A. Setting Autonomous Target CR Score

We present an algorithm designed to autonomously ascer-
tain the desired CR score, denoted as g4, at the initiation of
hybrid control. Fig. 4 (a) outlines the algorithm devised to
achieve this objective. Among various metrics for assessing
image focus or blur, CR is preferred for robustly evaluating
the clarity and clinical diagnostic value of pCLE images
[13]. The CR score quantifies image sharpness or blur
by evaluating the contrast differences between neighboring
pixels, with its calculation process detailed in [13].

Given the likelihood of the optimal image focus aligning
with the maximal CR score, this peak value is determined
at the imaging session’s outset by examining the associ-
ated slope, as depicted in Fig. 4(b). Thus, when initially
attempting to establish contact with the tissue for imaging,
identifying a moment characterized by a pronounced increase
and subsequent gradual decrease in the slope Sk becomes
essential.

The CR score g is derived from the kth image I,
stored in a FIFO (First In, First Out) buffer g cna i
whose capacity is user-defined, adopting a window of 1,000
corresponding to 1 s. The slope Sk is calculated as the
difference between the initial value ¢, and the end value
Qk enqg Within the FIFO buffer. A sharp rise in the CR
score accompanied by a mild decrease in the slope, indi-
cating MAXg, > SLOPETHRESHOLD and S, <0,
respectively, identifies the peak CR score. Upon meeting
this criterion, the peak CR score is established as the
target CR score for hybrid control. Furthermore, if the CR
score exceeds a specific threshold (around 0.4), suggesting
comparable image quality, a safety factor fsofery (€. g,
95%) is applied to the peak CR score to set the desired
CR score g4. Given that this calibration involves probe-
tissue contact, there’s a potential risk of tissue damage. To
minimize this risk, a force limitation strategy is integrated
by defining a threshold FORCE_LIMIT to avert excessive

(a)

Algorithm 1: Set Target CR Score with Force Limit Control

Input: Image (I)) at the current time k
Output: Target CR Score (q4)

while targe CR score calibration mode do
qx = CR(y)
Qiic—ena, k] = Window(qy)
Sk = Slope(qk—ena, k)
MAX_S), = MAX(Sy)
if (F, = FORCE_LIMIT)
F;=0
P; =FORCE_PID(Fy, F,)
end
If (MAX_S,, > SLOPE_THRESHOLD) && (Sy < 0) then
return qq = qi * fsafety
end
end while

(b)
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Fig. 4. Setting autonomous target CR score. (a) Autonomous target CR
score setting algorithm with force limitation feature. (b) Implementation of
Algorithm 1, with the dotted line indicating the moment the target CR score
is determined.

force application. Figure 4(b) illustrates that the force exerted
does not surpass 50 mN.

B. Hybrid Vision/Force Control Algorithm

Figure 5 (a) presents the three main operational modes
of this algorithm: Calibration (C), Vision Control (VC), and
Force Control (FC). In Calibration mode, the algorithm cal-
culates the target CR score as detailed in Section III. A. Once
established, this target CR score becomes the reference for
vision control. Within vision feedback control, two scenarios
are possible: First, a minimal contact force approach may
result in the probe floating in air, identified by the condition
ge < qq, determining whether the probe is in contact or
floating, where ¢, is the current CR score. Second, excessive
pressing of the tissue with the probe, when the CR score
exceeds a certain threshold, leads to image degradation. To
avoid this, a second condition, F,. < Fj;,;, ensures the probe
does not exert too much force, where F. is the current contact
force. Outside these conditions, a switch from vision to force
control is warranted. Force control introduces a scenario
where the CR score’s maintenance or lack thereof guides
action. Maintaining the CR score suggests image quality is
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Force PID Control

Input: Current Force (F¢), Target Force (Fg ini¢)
Output: Target Axial Position (Py)
while FORCE PID CONTROL MODE do
k=k+1;
If (k = TIME LIMIT)
k = TIME LIMIT;
end
Fq = Fyinie - exp(=k7);
Py = FORCE_PID(Fy, F;)
Return Py;
end while
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Fig. 5.
block diagram of hybrid vision/force control.

upheld with minimal force, while failing to do so indicates
a floating state. Hence, the criterion for persisting in force
control is g. > g4. Consequently, toggling between VC and
FC creates a comprehensive closed-loop control system.

C. Implementation

This hybrid control scheme is implemented through ac-
tive manipulation of the imaging probe’s position via the
handheld robot, which ultimately adjusts the length of the
robot’s prismatic joint as needed. As previously mentioned,
the objective of the vision feedback control is to enable the
probe to approach the tissue while acquiring clear, in-focus
images via the CR score. To facilitate real-time calculation
of the CR score, the size of the pCLE image is reduced to
256 x 256 pixels; however, this resizing process has minimal
impact on the CR score itself. The vision feedback loop is
established by computing the error Aq between the target
CR score ¢4 and the current CR score ¢..

Aq=qa—qe (1
The vision feedback control utilizes PID control for rapid
convergence. The PID gains for the vision control are de-
noted as KJ, K7, and K, respectively.

APY = K!Aq+ K| / Aqdt + K‘IiAq )

d
dt
The goal of the force feedback control is to minimize the
error AF' between the target force F,; and the current force

F..
AF =F,—F, 3)

Vision System

Hybrid vision/force control algorithm: (a) switching algorithm for hybrid control, (b) force control algorithm with decay function, (c) control

To attenuate high-frequency noise from the force sensor, a
linear Kalman filter that uses a constant velocity motion
model with minimal phase delay is employed. Previous
studies have demonstrated the efficacy of PID closed-loop
force control for handheld robots used in pCLE imaging
[8]. Therefore, this study adopts a closed-loop PID control
scheme for force feedback control. The PID gains for the
force control are denoted as K[, K[, and K], respectively.

APF = K'AF + KF / AFdt + KY %AF 4)
The hybrid control scheme also features a decaying func-
tion designed to ensure consistent imaging with minimal
contact force by progressively lowering the initial target force
value towards a minimal level. Unlike conventional force
control schemes, this algorithm is employed to gradually
reduce the contact force by decaying the target force, as
presented in Fig. 5(b). The desired force F,; decreases over
time k following an exponential function exp(—k7), where
the decay rate is modulated by adjusting the 7 parameter.
This exponential decay function plays a pivotal role in
minimizing the duration of tissue contact. The initially set
target force F'd,init experiences a gradual reduction over
time k, enabling the robot’s end effector to apply minimal
force on the tissue persistently. Such an approach is vital
for achieving consistent tissue imaging while avoiding tissue
damage and deformation caused by excessive force.
The output of each control loop indicates the axial position
change of the tool tip, AP for vision control and AP¥ for
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Fig. 6. Experimental setup with a tissue motion generation system mim-
icking vertical respiratory movements. An Eco-Flex phantom, augmented
with lens tissue, serves as the biological tissue model.

force control, respectively. As shown in Fig. 5(a), the system
determines whether to adopt the position change value from
either vision feedback, APV, or force feedback, AP, based
on the mode selected by the algorithm in (5), as described in
Section III.B. The final position is determined by summing
the current value with the preceding one, as in (6), with the
Py value being inputted into the inverse kinematics of the
robot to calculate the lengths of the prismatic links.

AP = Select(APY, APT) (5)

P, =P, 1+ AP (6)

IV. EXPERIMENTS AND RESULTS

To assess the effectiveness of our proposed hybrid vi-
sion/force control strategy, this study embarked on a com-
prehensive series of experiments. The goal was to vali-
date the strategy’s performance in a controlled benchtop
environment, offering a direct comparison with established
baselines; both manual techniques and other conventional
control methods previously documented in the field. To
replicate the real-world conditions encountered during pCLE
imaging sessions, we designed our experimental setup to
emulate the dynamic nature of tissue movements. This setup,
detailed in Fig. 6, leveraged linear actuators to simulate the
vertical respiratory movements of biological tissues, adopting
a sinusoidal motion pattern with a 3-mm amplitude and a
5-s period, in alignment with parameters established in the
existing literature [17]. To further enhance the realism of our
simulations, an eco-flex phantom augmented with lens tissue
served as our biological tissue model, providing a robust
platform for testing the precision and adaptability of our
hybrid control strategy under conditions that closely mimic
those encountered in clinical pCLE imaging scenarios.

A. Implementation

To verify the feasibility of our hybrid vision/force con-
trol strategy, an initial experiment was designed where the
handheld robotic device was affixed to a benchtop setup,
designed to emulate the conditions of pCLE within a simu-
lated respiratory environment. Over the course of 25 s, the
system was subjected to the synthetic respiratory movements
of a phantom tissue model, with the hybrid control being
engaged 8 s into the experiment. This setup allowed for the
detailed observation of the lens tissue through our pCLE
system, capturing critical data points such as the exerted
forces and CR scores throughout the experiment. Fig. 7
shows the outcomes of this trial, presenting a comprehensive
view of the pCLE imaging process, CR score fluctuations,
and the forces applied during the entirety of the experiment.

s EOFCE

0.45

CR Score
s Tissue Motion

0.4

0.35

Force [mN]

CR Score

Time [s]

Fig. 7. Force and CR score results from the proposed hybrid vision/force control validation with respiratory motion: C = Calibration, FC = Force Control,
SC = Switching Control between force and vision control. The handheld robot is fixed on a benchtop.
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TABLE I
CONTACT FORCE AND CR SCORE WITH MEAN AND STANDARD
DEVIATIONS DURING HOLD-STILL

Hold-Still
with Respiration without Respiration
Control Mode (Force, IIE)N/ CR) (Force, ml\II)/ CR)

Unaided -208.0+24.4 -102.7491.3
/0.40+0.00 /0.41+0.05

Force Control 17.3+£10.2 -12.946.9
10 mN /0.43+0.01 /0.38+0.04
Force Control -103.8+10.1 -99.39+16.39
100 mN /0.45+0.02 /0.4620.00

Vision Control -7.3£2.8 -12.7+8.4
/0.39+0.04 /0.40+0.02

. -10.7£7.5 -9.1+6.4

Hybrid Control /0.46+0.01 /0.46:0.04

This step was crucial in demonstrating the hybrid control
strategy’s capability to adapt and perform under conditions
that closely mimic real-world imaging scenarios, validating
its potential for enhancing the precision and reliability of
pCLE imaging in clinical applications.

At the beginning of the experiment, without the proposed
control, the force profile fluctuated with the periodic tissue
motion until 8 s, reaching a contact force of 150 mN.
Additionally, the CR score periodically dropped when con-
tact with the tissue phantom was lost, then increased upon
re-establishing contact, followed by a slight drop due to
excessive compression of the tissue by the pCLE probe. The
hybrid control was initiated at approximately 8 s, with the
image initially appearing out of focus. During this phase, the
algorithm transitions into calibration mode upon calculation
of the desired CR score value. Subsequently, the initial target
force value is determined, activating force control.

It is observed that the force decreases by approximately 1
mN within 0.1 s due to the decaying function of the algorithm
2. Despite the declining force from 10.4 to 11.3 s, the image
remains clear. However, due to respiratory motion tissue
descent causes the image to become unclear around 12 s.
During this period, the SC mode, which alternates between
FC and VC, strives to approach the previously set target
CR score. Control reverts to FC mode once the target CR
score value is attained, thus demonstrating the feasibility of
obtaining a clear image with minimal force.

B. Control Evaluation with Baseline

To evaluate the performance of the hybrid vision/force
control strategy, it was compared against conventional PID
force control methods [5] and vision control methods [11]
serving as the baseline. Additionally, experiments were con-
ducted by varying the target force values to -10 mN (FC-10)
and -100 mN (FC-100) to assess the quality of the pCLE
image according to changes in force. Both vision control
and hybrid control were implemented, and contact force and
CR scores were compared across all experiments.

Subjects were assigned two primary tasks: maintaining a
stationary position (hold still) and performing a scanning
motion along a 1 mm straight line on the phantom (scan
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Fig. 8. Force and CR score resulted from control validation with respiratory
motion. Baseline control method: simple PID force control. In the CR score
graph, the red area and the green area mean the in-focus and out-of-focus
of the pCLE image, respectively.

motion). Tissue motion was continuously enabled and dis-
abled for each task. Subjects were instructed to observe a
monitor displaying real-time pCLE images and manipulate
the handheld robot to improve image quality and minimize
contact force.

Fig. 8 illustrates the results of tissue scanning with respira-
tory motion. In the unaided scenario, the CR score exhibits an
overall high value; however, subjects without robot assistance
struggled to control force precisely due to tissue respiratory
motion. In the FC-10 scenario, force is controlled to near -10
mN, yet the CR score briefly falls below 0.4 at 2-3 s and
6-7 s, indicating delayed response to tissue movement. In
contrast, the FC-100 scenario demonstrates a consistent force
level near -100 mN, with the CR score mostly maintained
at 0.4 or higher across most regions. However, the force
of 100 mN may induce tissue deformation and dragging,
potentially leading to tissue damage. In the vision control
scenario, the control loop was configured based on the CR
score rather than the force. We observed that the probe failed
to respond to the respiratory motion of the tissue at around
3.1 s and measured a contact force of about -50 mN. In the
proposed hybrid control scenario, force is regulated near -10
mN. Although the CR score occasionally drops below 0.4,
it promptly rebounds above this threshold.

Tables I and II present the statistical analysis results
regarding force and CR scores during the hold-still and scan-
motion tasks, respectively. Two main notable points emerge
here. First, the CR score is calculated to be approximately 0.4
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or higher on average in most control modes except for FC-10
and VC mode. This indicates that clear pCLE images were
consistently acquired under most control modes. Second, the
proposed hybrid control algorithm showed minimal contact
force among the results where CR scores were calculated
above 0.4. In summary, the findings demonstrate that the
hybrid control mode introduced in this study enables the
acquisition of clear pCLE images with minimal force.

C. Result Analysis

To validate the statistical analysis results of the pro-
posed algorithm, an experiment was conducted to mimic
real surgical conditions. This experiment aimed to gather
statistical data by repeatedly scanning tissue under simulated
respiratory motion conditions. Subjects were instructed to
scan a 1 mm straight line drawn on the tissue. Statistical
analysis was conducted based on 5 repeated trials. Fig. 9
illustrates the statistical analysis results, including the mean
CR score, duration of in-focus view, and mean force exerted
during the scans.

The mean metric of the CR score indicates the consistency
of the pCLE image quality. On average, the image showed
a CR score of 0.4 or more, which was clearly visible in
all control modes. Notably, in the proposed hybrid control
mode, the average CR score was the highest, demonstrating
that the proposed algorithm yields the clearest image result
on average.

The duration of the in-focus view indicates the proportion
occupied by the in-focus area for the full time. Under unaided
conditions, this ratio was below 80%. For force control, the
ratio ranged from 80% to 90% for FC-10 and exceeded
95% for FC-100. In contrast, for vision control, the ratio

TABLE I

CONTACT FORCE AND CR SCORE WITH MEAN AND STANDARD
DEVIATIONS DURING SCAN-MOTION

Scan-Motion
with Respiration without Respiration
Control Mode (Force, mN/CR) (Force, mN/CR)

Unaided -204.1£120.2 -176.4+£33.2
/0.46+0.03 /0.44+0.02

Force Control -11.3+6.0 -14.549.1
10mN /0.41+0.05 /0.45+0.04
Force Control -98.1£14.7 -103.1+10.4
100 mN /0.44+0.02 /0.46+0.02

Vision Control -11.545.7 -12.243.9
/0.40+0.02 /0.40+0.03

. -11.0+8.6 -7.7+5.6

Hybrid Control /0.44+0.02 /0.44+0.03

was approximately 70%. Regarding the proposed method, the
ratio varied from 80% to 97%. While the proposed method
did not achieve the highest ratio, it demonstrated similar
performance to FC-10 and FC-100.

The mean force metric indicates the extent of tissue
damage. Under unaided conditions, this metric measured
approximately 350 mN, indicating a lack of response to
respiratory motion and the potential for fatal tissue dam-
age. In contrast, force control methods FC-10 and FC-100
achieved force levels of 10 mN and 100 mN, respectively.
Generally, force control methods showed precise responses
to respiratory motion, although FC-100 still risked tissue
dragging and deformation. Both vision control and hybrid
control demonstrated force levels comparable to FC-10.
Based on a combination of the three metrics above, the pro-
posed method achieved pCLE image quality similar to FC-
100 with minimal force comparable to FC-10, as evidenced
statistically.

V. DISCUSSION

Our findings highlight the potential for developing semi-
autonomous robotic systems, such as handheld devices and
cooperative robots used for pCLE imaging. In this study,
we introduced a novel hybrid vision/force control strategy
for pCLE, demonstrating its utility in enhancing the acquisi-
tion of consistent, high-quality pCLE images with minimal
force application. This strategy integrates a semiautonomous
surgical robot that significantly reduces manual adjustments
by surgeons, automatically adapting target values for both
vision and force controls. This approach diverges from
traditional feedback control methods, which often depend on
static target settings for force or image contrast, and instead
focuses on dynamically balancing force and visual feedback
to maintain minimal probe-tissue interaction. This is crucial
for preventing tissue deformation and avoiding the blurring
effects often seen with manual or less adaptive systems.
Our experimental results confirm that our hybrid control
strategy successfully mitigates these challenges, suggesting a
promising direction for the development of more intelligent
and sensitive robotic systems in medical imaging.

A limitation of this proposed method is the disconti-
nuity of switching control. Given that switching control
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involves different physical quantities, instability may arise
when transitioning between modes. As observed in Fig. 9,
the hybrid control exhibits higher standard deviation values,
such as mean CR score, duration of in-focus view, and
mean force, compared to conventional force control methods.
Therefore, future work will focus on implementing optimal
control strategies to minimize contact force and maximize the
CR score. Additionally, in terms of application, we aim to
address the narrow FoV limitation of pCLE by incorporating
image stitching or mosaicking functions [18].
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