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Abstract— Communication latency in long-distance teler-
obotic surgery poses a critical safety risk, particularly in high-
precision procedures like retinal surgery where tool overshoots
can cause irreversible patient injury. This paper introduces
the Latency-Aware Telemonitoring for Injection in Ophthalmic
Surgery (LATIOS) framework, which enhances safety by adap-
tively scaling the surgical robot’s velocity along the critical axis
of tool insertion. Our core contribution is a control algorithm
that dynamically modulates the velocity scaling factor based on
two real-time, coupled variables: the tool-tip-to-retina distance,
estimated via a non-contact, shadow-based method, and the
measured communication delay. We validated this system in
a transatlantic user study where six participants in North
America teleoperated a surgical robot in Europe to perform
a series of simulated retinal punctuation tasks. The results
demonstrate that LATIOS provides a statistically significant
reduction in applied punctuation forces compared to constant
control (p = 0.005). This objective safety improvement is
achieved through a deliberate safety-efficiency trade-off, with
the system enforcing a more cautious pace under high-latency
conditions. Our work presents a robust, context-aware safety
framework that addresses a key barrier to the clinical adoption
of long-distance telerobotic surgery.

I. INTRODUCTION

In recent years, extensive surgical and medical research
has focused on enhancing operational safety by using robotic
systems. These platforms enable surgeons to perform com-
plex operations with higher accuracy and safety. An ex-
tension of this paradigm, robotic telesurgery, presents an
opportunity to bridge geographical gaps between surgeons
and patients in remote locations. This technology enables
remote delivery of specialized surgical care. The feasibility
of long-distance surgery was demonstrated over two decades
ago in a transatlantic cholecystectomy [1].

Despite this success, the widespread adoption of long-
distance surgery is hindered by a fundamental challenge:
communication latency. The delay between the surgeon’s
command and the robot’s action can degrade performance
and increase error rates. In delicate procedures, this leads to
dangerous tool overshoots, increases the operator’s cognitive
load, and creates a critical risk of forceful, unintended contact
with tissue [2], [3]. These core challenges of long-distance
teleoperation are illustrated in Fig. 1.
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Fig. 1. The Core Challenges of Long-Distance Telerobotic Surgery.
The diagram illustrates the vicious cycle of high-latency teleoperation. The
surgeon’s commands are delayed, leading to a high risk of robotic tool
overshoot. The resulting sensory feedback is also delayed and lacks critical
depth cues, which in turn increases the surgeon’s cognitive load and the
likelihood of forceful, unintended contact.

The problem of latency is critically amplified in high-
precision domains like vitreoretinal surgery, where maneu-
vers are measured in micrometers and there is zero tolerance
for error [4]-[12]. This is particularly relevant for novel
therapies targeting debilitating conditions such as age-related
macular degeneration (AMD), the leading cause of blindness
in developed nations, which is projected to affect 288 mil-
lion people by 2040 [13]. While robotic systems offer the
necessary precision for such procedures, the introduction of
significant latency during teleoperation creates a hazardous
environment where the risk of forceful punctuation of the
delicate retina is high.

Existing approaches to managing latency often involve
methods like uniform motion scaling, which constantly
dampens the robot’s movements. While this can improve
accuracy, a static scaling factor does not adapt to the dynamic
and context-dependent risks of the surgical task, where
danger is highest when the instrument is moving towards
the retina at close proximity.

To address this safety challenge, we present the Latency-
aware Telemonitoring for Injection in Ophthalmic Surgery
(LATIOS) framework, which introduces an adaptive and
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context-aware approach to motion scaling. Specifically, we
modulate the velocity of the surgical instrument along the
critical z-axis based on two real-time factors: 1) the tool-tip-
to-retina distance, estimated via a non-contact, shadow-based
method, and 2) the instantaneous communication delay. This
allows for fluid motion when the tool is far from the retina
while dynamically enforcing safety as the risk of contact
grows. We hypothesize that by fusing these real-time spatial
(distance) and temporal (latency) data streams, our adaptive
motion scaling algorithm will significantly reduce dangerous
punctuation forces in high-latency conditions, albeit with
a quantifiable trade-off in task completion time, thereby
creating a safer and more robust system for long-distance
telesurgery.

We validated our system through a transatlantic user study
where six participants in Canada used a haptic input device to
control a surgical robot in Germany. The study was designed
to quantify the performance of our method across three
key metrics: punctuation force, task completion time, and
subjective workload. The contributions of this paper are:

1) The LATIOS framework, which fuses real-time,
shadow-based depth estimation and communication
latency to adaptively scale robot velocity and enhance
safety in long-distance telesurgery.

2) The design and execution of a transatlantic user study
providing a real-world evaluation of the system’s per-
formance under significant and variable latency.

3) Quantitative results from the study that validate a sta-
tistically significant increase in safety (reduced force)
is achieved via a deliberate and quantifiable safety-
efficiency trade-off (increased time).

II. RELATED WORK

Robotic systems have become instrumental in advancing
the state-of-the-art in vitreoretinal surgery, with platforms
like the Preceyes Surgical System demonstrating remarkable
success in increasing surgical precision by scaling motion
and filtering physiological tremor [14]. While such platforms
have been successfully teleoperated, their design has been
focused on co-located operation where the surgeon is close
to the robotic system, thereby not addressing the challenges
introduced by long-distance communication latency.

An important aspect of ensuring safety in retinal surgery,
whether local or remote, is the accurate perception of the
distance from the tool tip to the retinal surface. To overcome
this challenge, researchers have explored using visual cues
present in the scene. A promising approach is to leverage the
shadow cast by the instrument on the retinal surface. Yang et
al. have proposed systems that use the instrument’s shadow
as a visual guide for depth estimation and for predicting the
needle’s punctuation point [15], [16]. These methods show
the feasibility of extracting critical 3D information from a 2D
video feed [17], a principle we adopt for our telemonitoring
framework.

Beyond depth perception, ensuring safe interaction re-
quires managing the minuscule forces at the tool tip during
punctuation. Recent work by Pannek et al. has highlighted

that these forces are often imperceptible to a human operator,
motivating the development of robotic systems with inte-
grated force sensing to provide crucial feedback [18]. The
challenge is further complicated by the dynamic nature of
the tissue itself. State-of-the-art research in autonomous local
surgery has demonstrated the need for real-time adaptation
to physical phenomena such as tissue deformation during
insertion [19] and physiological motion from breathing or
heartbeat [20]. These advanced methods typically rely on
high-frequency intraoperative Optical Coherence Tomogra-
phy (iOCT) to track the retinal layers in real-time. While
powerful, these approaches present challenges for long-
distance teleoperation, where high-bandwidth, low-latency
i0OCT streaming is often not feasible. Our work approaches
this safety problem from the perspective of the teleoperator,
focusing on mitigating the primary source of error in a high-
latency environment: the operator’s own control inputs.

While depth perception addresses the spatial challenge,
the temporal challenge of communication delay requires
different solutions. High latency in teleoperation is known to
increase task completion times, error rates, and the cognitive
load on the surgeon [2], [3]. An effective method to mitigate
these issues is motion scaling, where the motion from the
input device is reduced before being executed by the robotic
system. Numerous studies have confirmed that reducing the
scaling factor improves precision and accuracy, albeit often at
the cost of task completion time [21], [22]. More recent work
has focused on optimizing this scaling factor. For instance,
Lim et al. investigated adapting the scaling factor based on
communication latency and even personalized it to surgeon
tendencies [23].

Our research builds upon and integrates these distinct
fields. While prior work has established the utility of shadow-
based depth cues and the effectiveness of adaptive motion
scaling for latency, these concepts have been explored largely
in isolation. To our knowledge, no prior work has proposed a
framework that directly couples real-time, vision-based depth
perception with network latency to create an adaptive safety
layer. We address this gap by introducing a telemonitoring
framework where the motion scaling factor is not static,
nor is it only a function of network delay. Instead, we
dynamically modulate the tool’s velocity along the critical
z-axis based on both the measured latency and the real-time,
shadow-based estimation of the tool-tip-to-retina distance.
This creates a context-aware safety system that gracefully
restricts motion only when danger is imminent, addressing
both spatial and temporal challenges simultaneously to en-
hance safety in long-distance telerobotic surgery.

III. METHODS

To validate our telemonitoring framework, we developed a
transatlantic telerobotic system and designed a user study to
quantify its impact on safety and performance. This section
details the physical hardware of our experimental setup, the
core algorithms, and the setup of the user study.
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Fig. 2. The Transatlantic Telerobotic System Architecture. The operator site (left) in Canada consists of a user, a haptic input device, and an operator
PC that runs the motion scaling and delay calculation. The robotic site (right) in Germany includes the surgical robot, an eye phantom, and a robot PC
that performs shadow-based depth estimation and force sensing. The two sites are connected via a transport layer (center) that transmits scaled velocity
commands and returns the video stream, depth values, retina contacts, and latency measurements.

A. System Overview

The experimental platform, illustrated in Fig. 2, comprised
two interconnected sites: an operator station in Canada, and
a robotic station in Germany. The operator site consisted
of a PC connected to a 3D Systems Touch haptic device.
The device provides intuitive stylus control and supports a
remote center of motion (RCM) constraint. The operator PC
captured motion commands, executed the scaling algorithm,
and displayed the graphical user interface (GUI).

The robotic site featured a robotic system, which was
specifically developed for high-precision ophthalmic proce-
dures such as retinal surgery [4]. The robot offers high-
resolution motion control, capable of executing movements
in the micrometer range, a critical requirement for deli-
cate intraocular maneuvers. For this study, the robot’s end-
effector was equipped with a state-of-the-art 6-axis HEX-
8 force/torque sensor (Resense, Germany), which held a
standard surgical instrument. The sensor’s primary role was
for data acquisition, providing precise measurements of the
forces exerted during punctuation. The robot was positioned
over a physical eye model designed to mimic the constraints
of a real surgery. The model replicates the globe’s suspension
by extraocular muscles using a spring-based mechanism and
simulates tissue properties with a silicone eye, all housed
within a face mask to ensure anatomically correct instrument
access [24]. Visual feedback of the operating area was
provided by a Basler camera (A1920-150uc) mounted on a

surgical microscope. The live video feed was processed by a
dedicated robot-side PC, which was tasked with running the
shadow-based depth estimation algorithm and executing the
final commands sent from the operator.

The two sites were connected over a public internet con-
nection using a virtual private network established with Ze-
roTier. All data, including motion commands, video streams,
and sensor values, were exchanged as topics within the Robot
Operating System 2 (ROS2) framework. The natural transat-
lantic connection introduced a baseline round-trip latency
that typically fluctuated between 150 ms and 200 ms during
the experiments. Note that L in our control loop represents
this measured network round-trip time.

B. Shadow-Based Depth Estimation

To provide the system with real-time awareness of the
tool’s proximity to the retina, we implemented a depth
estimation algorithm that leverages the shadow cast by the
surgical instrument according to [15]. This approach uses
the existing microscope video feed instead of additional
hardware such as iOCT.

The algorithm operates on the geometric principle that,
under a fixed light source, the 2D pixel distance between
the instrument tip and its shadow is directly proportional to
the instrument’s 3D height above the retinal surface. The
algorithm identifies the centroids of the tool tip and its
shadow in the microscope video (30 fps). This pixel distance
is then converted into a real-world distance in millimeters
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using a pre-calibrated camera model. This calculated tool-
to-retina distance, denoted as d, serves as a critical input
to our motion scaling controller. It is important to note that
this method’s accuracy diminishes as the tool gets extremely
close to the surface (d < 1 mm) due to self-occlusion of the
shadow, a limitation we address in our control algorithm.

C. Adaptive Velocity Scaling

The core of our contribution is an adaptive motion scaling
algorithm designed to enhance safety without being overly
restrictive. Unlike uniform motion scaling, which constantly
dampens the operator’s input, our method modulates the scal-
ing factor, s, based on two real-time variables: the tool-to-
retina distance d and the measured round-trip communication
latency L. The scaling is applied exclusively to the velocity
along the z-axis (the direction of approach towards the
retina). While tangential motion (x-y axis) at low clearance
can also induce tissue tearing, the z-axis dictates the primary
insertion force during the highest-risk phase of the procedure.
Risk depends on both tool proximity and operator reaction
time, which is affected by latency. The system allows for
fluid, unscaled motion (s = 1.0) when the tool is far from
the retina. As the tool crosses a predefined safety threshold,
the scaling factor is smoothly and linearly reduced, proac-
tively dampening the robot’s velocity to prevent dangerous
overshoots.

This behavior is governed by the following relationship:

k-d
) ey
Treaction + Tstop +L

where d is the tool-to-retina distance and L is the mea-
sured round-trip latency. The total delay in the denominator
accounts for both network and human-in-the-loop factors.
The human reaction time, 7ieaction, 1S based on established
literature for complex human-in-the-loop control tasks and
is set to a conservative value of 0.5s [25], [26]. This value
is consistent with telerobotics literature that identifies delays
of 500 ms and greater as significant for operator performance,
and is justified by cognitive models that account for the
multiple processing stages in complex choice-reaction tasks.
The robot’s motor stop time, T, Was experimentally char-
acterized by measuring the time required for the robot to
decelerate to a complete stop from maximum velocity. Based
on these measurements, we selected a conservative value of
0.1s to ensure the model robustly accounts for the system’s
physical inertia. The term % is a constant gain factor used
to map the function to the desired operational range, and
Smin 18 @ minimum scaling factor of 0.2, ensuring a slow
and deliberate final approach as described previously.

As shown in Fig. 3, this formulation creates a scal-
ing behavior that is directly responsive to risk. A higher
measured latency L increases the denominator, causing the
scaling to become more aggressive—that is, the slowdown
begins earlier (at a greater distance d) and the velocity is
reduced more steeply. This preemptively accounts for the
increased total delay in the control loop. To handle the known
limitations of our vision-based sensor at very close range and

s(d, L) = max (smin,
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Fig. 3. Adaptive Scaling Factor as a Function of Distance and Latency
for LATIOS. The graph illustrates the relationship between the calculated
scaling factor s and the tool-to-retina distance d for different latencies.
Our proposed LATIOS mode becomes more conservative the higher the
latency and initiates the slowdown earlier. The dashed line indicates the
1 mm threshold where the system enters a mandatory “safe mode” with a
minimum scaling factor.

to ensure maximum safety during contact, the scaling factor
is clamped at a predefined minimum value, sy, = 0.2,
whenever the distance d falls below 1 mm. This mandatory
“safe mode” is indicated by the dashed vertical line in Fig. 3.
This approach balances operational efficiency and patient
safety in high-latency teleoperation.

D. User study and Evaluation

We conducted a user study with six participants to evaluate
the effectiveness of our system. The study protocol was
approved by the Research Ethics Board at the University
of Alberta, and all participants provided informed written
consent prior to the experiment. The cohort included two
expert vitreoretinal surgeons, two medical students, and two
engineering students to capture a range of user experience
and to assess the system’s intuitiveness across varying levels
of clinical and technical expertise. Prior to the experiment,
each participant received a ten-minute training session to
familiarize themselves with the haptic device, the concept of
the Remote Center of Motion (RCM), and the functionalities
of the user interface. Each participant, located in Canada, was
tasked with performing a series of punctuation maneuvers on
the eye phantom in Germany. The primary goal was to touch
four designated circular targets on the “retina” as quickly
and as gently as possible. To provide the operator with full
situational awareness, we developed a custom Graphical User
Interface (GUI), shown in Fig. 4. The GUI is composed of
several key components:

o Live Surgical Feed: The central panel displays the
live video stream from the Basler camera, showing the
surgical instrument inside the eye phantom. Overlaid
on this feed are the four punctuation targets, a green
“RETINA CONTACT DETECTED” banner that ap-
pears upon successful contact, and an orange “PROX-
IMITY WARNING” that activates when the tool is less
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Fig. 4. The Operator’s Graphical User Interface (GUI). This custom
interface provides the user with comprehensive situational awareness by
integrating the live surgical feed with real-time visualizations of network
latency, the active motion scaling factor, and an intuitive retinal proximity
view.

than 1 mm from the retinal surface.

o Network Latency: A dedicated panel on the right
displays the measured round-trip communication delay
in real-time.

« Motion Scaling: This panel visualizes the current z-axis
velocity scaling factor, allowing the user to see how the
system is modulating their commands.

o Retinal Proximity View: A side-view schematic of the
eye that provides an intuitive visualization of the tool’s
distance to the retina, complementing the numerical
depth value.

e Operator Input: A crosshair display at the bottom
shows the user’s current planar (x-y) input from the
haptic device.

The study was conducted as a within-subjects experiment
where each participant performed the task under three dis-
tinct assistance methods, each defined by a different scaling
function s(d, L):

o Constant Scaling: A baseline condition with a fixed

scaling factor, representing unassisted control:

s=1.0 2

o Linear Scaling: A condition where the velocity was
scaled only as a linear function of depth d. The scaling
was active in the operational range from dg,y = 5 mm
down to the retinal surface (d = 0 mm):

s(d) = min (1.0, d) 3)
start

o LATIOS: Our full proposed method, which scales
based on both depth d and latency L and includes a
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Fig. 5. Automated Punctuation Force Detection. The force spike

detection method used for objective data analysis. A punctuation event is
detected when the force data (black line) sharply deviates from its stable
baseline (dashed red line). The algorithm then identifies the peak force of
the spike (red ’x’), which is used as the quantitative safety metric.

mandatory “safe mode” clamping the factor at sp,;, for
d < 1 mm, as previously defined in Eq. 1.

To mitigate learning effects, the order in which these three
methods were presented was randomized for each participant.
To specifically test the system’s reaction to changing network
conditions, each participant performed two punctuation tar-
gets under the natural transatlantic latency, and two targets
under an additional artificial delay of 500 ms (introduced
via the Linux network emulator netem) for each of the
three modes. This resulted in 12 analyzed puncture events
per participant, totaling 72 events across the study.

For our evaluation, we collected several objective and sub-
jective metrics. The primary safety metric, punctuation force,
was measured using the integrated 6-axis force/torque sensor.
To robustly detect each contact event and quantify the force,
we implemented a spike detection algorithm, illustrated in
Fig. 5. The algorithm calculates a stable baseline of the
force signal using a moving average window of 1500 ms and
identifies a contact event when the live signal deviates from
this baseline by a predefined empirical threshold of 30 mN,
chosen to robustly filter sensor noise while capturing initial
tissue contact. The subsequent peak force of this spike is then
recorded for analysis. This event also momentarily displays
the “RETINA CONTACT DETECTED” banner in the user’s
GUIL. In addition to force, we recorded task completion time
and collected subjective feedback on cognitive workload
using the NASA-TLX questionnaire after each condition.

IV. RESULTS

The user study provided a comprehensive dataset across
our three primary metrics: punctuation force for objective
safety, task completion time for efficiency, and the NASA-
TLX score for subjective workload. The analysis shows
that the adaptive assistance method improves safety by
modulating intelligently tool speed. The most critical find-
ing relates to patient safety, as measured by the applied
punctuation force. As illustrated in the boxplot in Fig. 6a,
the choice of assistance method had a clear and significant
impact on the forces exerted on the eye phantom. The
Constant Scaling mode exhibited not only the highest
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Experimental Results from the User Study. (a) Distribution of applied forces, showing our LATIOS method is objectively the safest. (b)

Distribution of total task completion times, illustrating the safety-efficiency trade-off. (c) NASA-TLX subscale scores (lower is better), indicating that while
unassisted control felt less demanding, users also assessed their own performance as poorest in that mode.

median force but also the greatest variability, including the
highest recorded force peak of nearly 200 mN. Introduc-
ing the Linear Scaling method provided a noticeable
improvement, lowering the median force and reducing the
spread of the data. Our proposed LATIOS method achieved
the lowest median force and the tightest interquartile range,
indicating the most consistent and safe performance.

TABLE I
MEAN PUNCTUATION FORCE (+ STD. DEV.) UNDER LOW AND HIGH
LATENCY CONDITIONS.

Low Latency High Latency Increase
Setup [mN] [mN] [%]
Constant Scaling ~ 71.6 + 17.7 93.7 £ 50.8 30.8
Linear Scaling 59.7 £ 15.7 76.5 £ 11.8 28.2
LATIOS 59.9 £+ 10.5 619 £+ 21.6 3.4

Because the experiment followed a within-subjects design,
the data were analyzed using a linear mixed-effects model

TABLE II
MEAN PER-TASK TIME (+ STD. DEV.) UNDER LOW AND HIGH
LATENCY CONDITIONS.

Low Latency High Latency Increase
Setap Is] [s] [%]
Constant Scaling 484 £+ 19.8 57.1 £ 16.7 18.0
Linear Scaling 81.0 + 32.1 124.3 £ 78.1 534
LATIOS 82.0 £ 32.8 1149 £ 46.5 40.0

with assistance method as a fixed effect and participant
as a random intercept. The analysis revealed a significant
influence of assistance method on applied force (p = 0.005).
Post-hoc comparisons indicated that the LATIOS condition
produced significantly lower forces than the Constant
Scaling condition (mean difference = 21.7mN, 95% CI
[6.6 mN, 36.9 mN], p = 0.005). To understand the system’s
performance under challenging network conditions, we an-
alyzed the data separately for low and high latency tasks,
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with the results summarized in Table I. While forces tended
to increase with high latency across all modes, the magnitude
of this increase varied dramatically. For the Constant
Scaling and Linear Scaling modes, forces rose by a
substantial 30.8% and 28.2%, respectively. In stark contrast,
our LATIOS method demonstrated remarkable robustness,
with forces increasing by a mere 3.4%. This highlights
the effectiveness of the latency-aware component of our
algorithm in mitigating the primary safety risks of long-
distance telesurgery.

This enhanced safety is achieved through a deliberate
safety-efficiency trade-off, which is evident in the task
completion time data shown in Fig. 6b. The Constant
Scaling mode was, on average, the fastest. Both assisted
methods resulted in longer completion times. Because the
study used a within-subjects design, task completion time
was analyzed using a linear mixed-effects model with assis-
tance method as a fixed effect and participant as a random
intercept. The analysis revealed a significant effect of assis-
tance method on completion time (p < 0.001), with the unas-
sisted condition being significantly faster than the LATIOS
condition. The reason for this increased time becomes clear
when analyzing the impact of latency, as detailed in Table II.
High latency induced a substantial increase in task time for
the assisted modes (Linear Scaling: +53.4%, LATIOS:
+40.0%), while the effect on the Constant Scaling
mode was less pronounced (+18.0%). This demonstrates that
the system functions as intended, enforcing a more cautious
and deliberate pace when the combination of high latency
and proximity to the retina presents the greatest risk.

Finally, to assess the human experience, we analyzed the
NASA-TLX workload scores. The overall workload scores
showed no statistically significant difference between the
methods (p = 0.091). The analysis of the subscales, pre-
sented in Fig. 6c, reveals that the Constant Scaling
mode was rated lowest across most dimensions of workload.
This suggests users perceived the direct, unfiltered control
as the least demanding. This indicates a potential mismatch
between perceived ease and objective safety, highlighting
the value of an assistance system that ensures a high safety
standard.

V. DISCUSSION

Our transatlantic user study demonstrates that LATIOS
improves the safety of long-distance telerobotic surgery. The
core contribution of this work is the fusion of real-time depth
estimation and network latency to create an adaptive safety
system.

Our primary finding, a statistically significant reduction in
applied punctuation forces (p = 0.005), directly addresses
the most critical risk in delayed teleoperation: unintended,
forceful contact with delicate tissue. The data from Table I
is particularly telling: our full LATIOS algorithm maintained
force levels at a near-constant, safe baseline even when
high latency was introduced (3.4% increase), a feat the
other modes could not achieve. This confirms the need

for safety control that adapts to both robot state and net-
work latency. This objective safety improvement is achieved
through a deliberate safety-efficiency trade-off, which was
clearly quantified in our time analysis (p < 0.001). While
LATIOS was not the fastest method, this is by design. The
system functions as intended by enforcing a slower, more
cautious approach under high-risk conditions. Our system is
not uniformly slow; it is intelligently and selectively slow
only when necessary, a critical feature for maintaining user
acceptance and efficiency in less critical phases of the task.
The analysis of the subjective metrics provides a crucial
window into the human experience. The NASA-TLX data
revealed a fascinating insight into the potential for operator
overconfidence. The Constant Scaling mode was per-
ceived as the least mentally demanding, yet it was objectively
the most dangerous. This indicates a potential misalignment
between perceived ease and objective safety. Our LATIOS
system helps to resolve this conflict by enforcing a high
standard of objective safety.

It is important to acknowledge the limitations of this study.
The user cohort, while diverse, was small, and the experi-
mental task serves as a foundational primitive for evaluating
axial depth control and force mitigation. A larger study
would be necessary to draw more generalizable conclusions
about the effects of surgical expertise. Furthermore, our ex-
periments were conducted on a high-fidelity phantom without
trocars to simplify the measurement of punctuation forces.
In a real clinical scenario, friction between the tool and the
trocar cannula could introduce forces that might interfere
with our current contact detection threshold. However, it
is important to note that the absence of these confounding
forces likely made the unassisted Constant Scaling
mode feel deceptively controllable. In a clinical setting, the
added complexity of trocar friction would likely increase the
risk of overshoots, further underscoring the necessity of an
intelligent assistance system like LATIOS to ensure patient
safety. Future work should address this by developing more
sophisticated force-sensing algorithms capable of decoupling
tool-trocar friction from tool-tissue contact. Finally, the study
was limited to a velocity-based mapping between the haptic
device and the robot.

VI. CONCLUSION AND FUTURE WORK

In this paper, we presented and validated LATIOS, a novel
adaptive motion scaling system for long-distance telerobotic
surgery. By dynamically modulating the robot’s velocity
based on both shadow-based depth estimation and measured
communication delay, our system significantly improves
safety, as demonstrated by a statistically significant reduction
in punctuation forces. Our user study confirms that this safety
is achieved through an intelligent and quantifiable safety-
efficiency trade-off. This framework represents an important
step toward safe long-distance telerobotic surgery. Looking
ahead, we see several promising avenues for research. One
key goal is to improve the balance of the safety-efficiency
trade-off. We plan to investigate alternative scaling functions,
potentially incorporating non-linear curves or predictive
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models of user intent, to further decrease task completion
time while maintaining the high safety standard. Another
significant area for improvement lies in the human-robot in-
terface. A future study could explore the use of a specialized
haptic device capable of rendering RCM-constrained forces.
Such a device would allow for a comparison between the
current velocity-based control and a more complex position-
based mapping, which could offer a more intuitive control
paradigm. Finally, we plan to expand our user study to a
larger cohort of clinical professionals to investigate how
expertise influences the interaction with our system and to
further refine LATIOS for eventual clinical translation.
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