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Abstract— Current platforms for Transoral Robotic Surgery
(TORS) are suboptimal for confined oropharyngeal workspaces,
particularly in pediatric applications. To address this, we
present the design and characterization of a novel cable-
driven robotic instrument providing 6 degrees-of-freedom
(DoF)—shaft roll, elbow pitch/yaw, wrist pitch/yaw, and
grip—for dexterous manipulation. The system integrates a
miniaturized 4-mm proximal elbow with a previously developed
3-mm distal wrist. This architecture is enabled by a novel
“sandwich” link architecture that facilitates high-density cable
routing through the joint’s center plane, providing a compact,
rigid alternative to traditional pin-jointed designs. Experimen-
tal validation identified significant kinematic coupling between
in-plane joint pairs. An empirical real-time compensation strat-
egy reduced this coupling rate by 82.9% for pitch and 80.8% for
yaw. Workspace analysis confirmed the proximal elbow enables
high distal dexterity at regions critical for complex surgical
tasks. Integration with a Franka Research 3 manipulator
enabled fully coordinated macro-micro teleoperation, providing
a pilot demonstration for TORS workflows. This represents the
first demonstration of a 4-mm elbow-3mm wrist mechanism for
TORS, providing the hardware foundation necessary for future
evaluation of dexterity-intensive tasks, including suturing and
dissection.

I. INTRODUCTION
A. Background

TORS provides improved access to the oropharyngeal cav-
ity, resulting in improved patient outcomes [1], [2]. However,
the most widely adopted clinical robotic platforms were orig-
inally designed for large-cavity procedures rather than the
specific anatomical constraints of TORS. While some robotic
platforms, such as the Senhance system (Asensus Surgical,
Durham, NC, USA), offer 3-mm instruments suitable for
pediatric use, these tools are rigid and lack distal articulation.
Krebs et al. demonstrated the feasibility of Senhance-based
robotic infant surgery using these 3-mm instruments, but
noted that the absence of wristed articulation limits dexterity,
explicitly calling for the development of 3-mm wristed
instruments to improve outcomes in pediatric procedures [3].
Consequently, clinical practice often relies on repurposed
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general-surgery platforms, creating tool-anatomy mismatch
and challenges operating within more confined spaces [4],
[5]. These constraints are particularly pronounced in infants
and young children, where dexterity-dependent tasks such
as suturing or delicate dissection are hindered by instrument
collisions, limited reach, and restricted visualization. As a
result, compromises in tool orientation, line-of-sight, and
maneuverability can negatively impact surgical performance
and outcomes.

B. Transoral Robotic Surgery (TORS)

The da Vinci® Xi and 5 systems (Intuitive Surgical
Inc., Sunnyvale, CA, USA) represent the most widely used
platforms for TORS, having seen widespread adoption and
clinical success in adult hospitals [6], [7]. However, when ap-
plied to more confined workspaces, their 8-mm EndoWrist®
instruments [8], [9], having originally been designed for large
body cavity procedures, can be difficult to articulate. During
TORS, two arms must triangulate through the oral aperture
alongside an endoscope, which can result in significant
tool-tool and tool-cavity collisions. These collisions present
serious clinical risks, including unintended tissue trauma
(e.g., pharyngeal lacerations or dental injury), unpredictable
loss of distal precision, and disruption of the endoscopic
visual field, all of which severely limit the safe performance
of complex surgical tasks.

Single-port systems, such as the da Vinci SP [10] or the
Vicarious Surgical Robotic System (Vicarious Surgical Inc.,
Waltham, MA, USA), reduce triangulation-related collisions
by incorporating a proximal “elbow” joint that allows the
instruments and endoscope to traverse through a single trocar
and deploy within a cavity [11]. However, for TORS, the
instruments remain too large with a suboptimal elbow po-
sition, which can limit performance within confined spaces.
In addition, these systems were designed for single-incision
procedures rather than oral access [11], [12].

Thus, there is a clear need for a TORS-specific instrument
that achieves multi-DoF distal articulation within a miniatur-
ized profile compatible with the confined pediatric oropha-
ryngeal workspace, without the size and access constraints
of existing multi-port or single-port platforms.

C. Prior Work

Our group previously developed a 3-mm diameter cable-
driven, pin-jointed wrist that integrates with the da Vinci
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Fig. 1. Schematic of the elbow-wrist surgical instrument illustrating the
elbow and wrist links with axis for each respective degree-of-freedom.
Exploded view of the elbow mechanism with the sandwich design that
eliminates the need for pins and allows for routing of tendons (cables) for
elbow and wrist motion.

=

Research Kit (dVRK) for cleft palate surgery [13], [14]. The
design employs cable guide channels that aid miniaturization
and a proximal cam mechanism to decouple wrist pitch and
yaw/grip [15]. This instrument outperformed 8-mm tools
on a cleft palate simulator, demonstrating fewer collisions
and improved visualization during suturing. Despite their
compact size, bulk from the dVRK manipulators causes col-
lisions that limit reachability, particularly near the posterior
oropharyngeal cavity. We similarly evaluated the da Vinci SP
(unpublished data); while its single-port architecture offered
coordinated RCM orientation, the instruments remain too
large for TORS. This work builds on these findings to
develop a novel TORS architecture.

D. Contribution

This paper presents the design and characterization of
a novel cable-driven elbow-wrist instrument for TORS,
integrating a 2-DoF proximal elbow with our previously
developed 3-mm distal wrist to provide 6 DoF (shaft roll;
elbow pitch and yaw; wrist pitch and yaw; and wrist grip)
at the smallest reported diameter for an elbow-wrist tool
(Fig. 1). The contributions of this work are:

1) A novel ”sandwich” link architecture for miniatur-
ized robotic joints that enables high-density cable
routing (eight discrete tendons) within a 4-mm pro-
file. By eliminating the central joint pin, this design
provides unobstructed access to the joint’s center-
plane—utilizing volume that is traditionally inacces-
sible—to facilitate collision-free tendon routing while
maintaining high structural rigidity through a nested,
fastener-free assembly.

2) The implementation of a multi-layer empirical kine-
matic control strategy that compensates for the com-
plex mechanical coupling inherent in high-density
guide-channel routing, achieving an over 80% reduc-

tion in unintended joint motion to enable decoupled
motion control.

II. TooL DESIGN

A. Design Goals and System Overview

The instrument is designed to provide a 3-mm distal wrist
and 4-mm proximal elbow, each with 2-DoF revolute joints,
separated by a minimal distance and coupled to a robotic
manipulator for proximal roll and translation. The resulting
system is 6-DoF with a PRRRRR configuration, comprising
a prismatic insertion axis followed by five revolute joints
(shaft roll, elbow pitch, elbow yaw, wrist pitch, and wrist
yaw) with the addition of a grip function.

B. Elbow Mechanism

Miniaturizing a tendon-driven elbow requires routing of
eight tendons through two proximal revolute joints while
(1) isolating antagonistic pairs, (ii) respecting the minimum
bending radius of the cable, and (iii) limiting path-length
changes to minimize coupling. Our initial motivation for a
novel mechanism stemmed from the spatial limits of our
previous 3-mm wrist, which routed four tendons along the
outer edges of a central pin. Scaling that traditional pin-
joint approach to route eight tendons would have doubled
the link diameter. To maintain miniaturization, we introduce
a novel two-piece “sandwich” link architecture (Fig. 1),
where the two proximal links are split. This creates a
completely pin-less assembly in which rotation occurs about
a bushing machined into the link halves. Fundamentally
differing from previous pin-jointed designs, eliminating the
central pin provides unobstructed access to the center plane
of the joint. This internal clearance allows guide channels to
be machined directly through the rotational axis—utilizing
the volume traditionally occupied by a pin—enabling the
routing of all eight distinct tendons through the miniaturized
4-mm space. Structural rigidity of the assembly is main-
tained through a nested mechanical interlocking design: the
bushings of the distal link sandwich and secure the two
halves of the proximal link, with the bottom-most link press-
fit into the instrument shaft, enabling high rigidity during
operation while permitting non-destructive disassembly for
maintenance. Links were machined from stainless steel (3E
Rapid Prototyping, Hong Kong). Machining constraints im-
pose a 0.5-mm minimum through-hole, which in turn sets
the feasible tendon size; we utilized 0.24-mm diameter, 7-
strand braided tungsten cable (Carl Stahl Sava Industries
Inc., Riverdale, NJ, USA) across the elbow and wrist joints
to maximize strength and joint rotation without increasing
link diameter. Surface finish and tolerances of the channel
geometry were controlled to reduce friction compared with
miniaturized guide-channel we have previously implemented
[13], [14], [16].

Circular and spiral channels are used for cable routing.
The circular channels are used to offset cables about an
axis when geometry prohibits centerline routing, while spiral
channels are used when geometry allows routing through (or
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Fig. 2. Elbow joint cable routing illustrating its circular and spiral grooves.
The cable routing (black lines) are illustrated for each groove type. The ideal
versus guided path of the cable is illustrated for the spiral groove.

very near) the rotational axis. Spiral channels respect cable
bend limits while minimizing path-length variation (Fig. 2).

The spiral channel radius is parameterized to satisfy the
tendon’s minimum bend, with the centerline radius given by:

rspiraI:0.75 Sin(g)7 _%SQS% (1)

where 0 is the joint angle. This choice minimizes cable path-
length change, inducing a maximum change of 0.174 mm on
the dependent cable when the independent joint is actuated
180°. Where circular channels are required, a compensation
strategy must be used to enable decoupled joint control.
Cross-sections of the elbow yaw joint illustrate both channel
types and their allocation to the distal wrist joints (Fig. 2).

C. Wrist and End-Effector

The distal 3-mm wrist, previously described in [13], [14],
provides 2 DoF (pitch, yaw/grip). It consists of four links
featuring minimized cable guide channels for compact artic-
ulation, routing the same 0.24-mm braided tungsten tendons
for pitch, yaw, and grip functions. On the transmission side,
the original 3-mm tool utilized a proximal cam mechanism to
mechanically decouple wrist pitch from yaw/grip. However,
scaling this mechanical decoupling to support the increased
complexity of the combined elbow-wrist system was unfeasi-
ble. Instead, the new tool’s transmission fundamentally shifts
to a software-based approach: antagonistic tendons for each
DoF are driven by separate, independent actuators, relying
entirely on the empirical algorithmic compensation strategy
(detailed in Section III.D) to decouple the joints in real time.

D. Elbow-wrist Distance

The distance between the elbow and wrist in the initial
prototype was determined by the spatial constraints of the
infant oral cavity, as evaluated using the high-fidelity cleft
palate simulator. A 2.2-cm separation was selected, permit-
ting full elbow and wrist articulation within the infant oral
cavity. This parameter, however, is adaptable and can be
lengthened or shortened depending on the requirements of
specific applications, with a minimum axis-axis distance of
12 mm.

\
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Fig. 3. a) Novel tool coupled to a Franka Research 3, illustrating
the actuation box and tendon-driven elbow-wrist mechanism. b) Close-up
visualization of the elbow and wrist mechanism. c¢) Close-up visualization
of the actuation mechanism highlighting the lead screws for wrist motion,
d) Size and manipulability comparison between existing 8-mm da Vinci
instruments and the novel 3-mm elbow-wrist tool.

E. Actuation and System Integration

An actuation box using Dynamixel (ROBOTIS Co. Ltd,
Seoul, South Korea) actuators tension and move the tendons.
Elbow joint tendons are driven by capstans. Wrist joint
tendons are driven by lead screws to enable independent
antagonistic pre-tensioning and closed-loop differential con-
trol, which is necessary to compensate for tensile coupling.
For benchtop evaluation, the tool was mounted on a Franka
Research 3 (Franka Robotics, Munich, Germany) robotic
arm, which provides precise positioning and tool-shaft roll
and translation (Fig. 3). Coordinate conventions are fixed so
that base-frame roll is clockwise as viewed from the robot
base, which is illustrated in Fig. 1. A transparent wrist-elbow
connector was 3D printed in Clear V5 resin on a Form4B
printer (Formlabs, Inc., Somerville, MA, USA) which was
used for testing. The clear connector enabled visualization of
wrist actuation cables to support system assembly and repair
during testing (Fig. 3b).

III. JOINT KINEMATIC MODELING AND CONTROL

The forward joint kinematics of the elbow-wrist instrument
involves investigating the cable routing and the motor-to-
joint space kinematics. This section describes the two forms
of mechanical coupling, the guide channel path length, the
cable routing geometry, and the motor-to-joint space kine-
matics, where we present a coupling compensation strategy
to achieve decoupled joint control.
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A. Mechanical Coupling Analysis

As with the original 3-mm tool, the use of guide channels
for cable routing introduces mechanical coupling, where
motion at a proximal (upstream) joint unintentionally affects
more distal (downstream) joints. The addition of redundant
elbow joints into the design increases the number of coupled
joint interactions, which must be accurately analyzed and
compensated to enable precise robot end-effector control.
We categorize these interactions into kinematic and tensile
coupling on the basis of their effect on a downstream joint’s
antagonistic cable pair.

Kinematic coupling induces unintended motion when an
upstream joint’s rotation differentially changes a downstream
joint’s antagonistic cable lengths. This occurs for in-plane
joint pairs routed on opposite sides of the rotational axis:
Q1-Q3 (elbow-wrist pitch) and Q2-Q4 (elbow-wrist yaw).

Tensile coupling, the type of interaction originally ana-
lyzed in the 3-mm tool [13], affects cable tension. It occurs
when the change in cable length of an antagonistic pair is
symmetrical. This is a result of routing both cables through
symmetrical channels on the same side of the axis of rotation,
resulting in identical cable path length change as the joint
actuates as shown in Fig. 1. This type of coupling occurs for
the other joint pairs of the elbow-wrist mechanism (Q1-Q2,
Q1-Q4, Q2-Q3, and Q3-Q4).

To compensate for these coupling effects, identifying and
quantifying the dependencies of each downstream link is
required. While the circular guide channels from previous
work induce substantial deviations, the use of spiral guide
channels for adjacent links (Q1-Q2 and Q2-Q3), enabled
by the pinless design, avoids the same effect. The spiral
guide channels induce a theoretical maximum path-length
change of only 0.174mm on a cable passing through a joint
articulated through the full 180-degree range of motion, as
measured from path geometry in SolidWorks® 2022 (Das-
sault Systemes, Vélizy-Villacoublay, France). This minor
effect was considered negligible for the initial mechanism
validation, as the path length change is symmetric across
the antagonistic cable pair and therefore does not directly
introduce positional error. Moreover, its magnitude is in-
significant, accounting for less than 0.05% of the total cable
length in this miniaturized driver setup. Therefore, the tensile
coupling effects induced by the spiral channels were omitted
from the compensation model.

Prior work has identified that, unlike the negligible effects
from spiral guide channels, the coupling induced by the
circular guide channels is significant and requires compen-
sation. While the previous 3-mm wrist design employed a
mechanical solution using spiral cams for decoupling wrist
pitch and wrist yaw/grip, the increased number of coupled
joints in our tool makes a software-based approach more
practical.

To define this model, we establish the elbow-wrist tool
in its straight configuration as the zero starting position,
from which all joints are commanded to move in positive or
negative directions. Since all joints are symmetrical about the

plane coincident with their axis of rotation, the antagonistic
cable pairs remain equal in length at rest (/.r). When
actuating the mechanism, the directly controlled joint is
referred to as the independent joint (Q), whereas dependent
joints are those whose motion arises as a consequence of that
independent joint actuation.

The general approach to modeling circular guide channel-
induced coupling is the same for both tensile and kinematic
coupling. For tensile coupling, the length of each of the
dependent joint’s antagonistic cables ([T and [~) change
symmetrically with the change in Q:

lttnsile = lt;nsile = lref +f(Q) (2)

For kinematic coupling, the lengths change differentially:
llz;nemalic = lref +f(Q) (3)
I;nemazic = lref +f(_Q) “4)

As identified in [13], the geometry of the circular guide
channels does not result in a linear path-length change.
An analytic model of the coupling geometry was initially
derived; however, at this scale of miniaturization, nonlinear
effects including friction, cable stretch, and manufacturing
tolerances dominated the system response, rendering the
analytic model insufficient for accurate compensation. There-
fore, an empirical model was created to relate dependent
(wrist) and independent (elbow) joints (see Section III-D).

B. Cable Kinematics (Actuation to Joint Space)

The cable kinematics establishes the relationship between
actuation space and joint space variables. The vector of actu-
ation space variables, 0 = [01,6,,65",0;,0,%,6,z.6,;,6,,]",
is transformed to the vector of joint space variables, q =
[91,92,43,q4r,qar)T, through the cable routing mechanism.

For the proximal joints (elbow), which are differentially
driven, the kinematic relationships are given by:

(= Kshaftg ke f1,2} (5)
Tk, joint

where 7 gpqp; is the shaft radius of motor k around which

the cable winds, and 7y joins is the effective radius of the

corresponding joint. For the antagonistically driven distal

joints (wrist and end-effector), the cable length difference

for each joint is:

IF =17,  ne{3,4R 4L} (6)

Almot()r,n =

where the length changes from the actuator position are
calculated as:

e pitchy, -
nref o
where lniﬂf are the reference cable lengths when all joint
space variables are equal to zero (the rest state) and pitch,, is
the lead screw pitch associated with this joint. The coupling-
induced cable length changes due to proximal joint motions
are modeled as:

Al‘/k = [l+(k+27qk) - li(k—’_z?qkﬂ
— [T (k+2,0) =1~ (k+2,0)],

I+ =

)

ke{l,2} (8§
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TABLE I
MODIFIED DENAVIT-HARTENBERG PARAMETERS FOR THE
ELBOW-WRIST INSTRUMENT

Joint o_;(°) a_; (mm) d; mm) 6;(°)
1 90 6.74 0 0
2 90 5.67 0 a1
3 90 14.25 0 92
4 -90 4.48 0 q3

where I (k+2,qy) represent the positive and negative cable
lengths for joint (k+2) as functions of joint angle g;. The
distal joint angles are then computed as:

Alql - Almotorﬁ

= &)
3 2r3,joint
Al,, —Al
gn = —2 ANy e [4R, 4L} (10)
2Vn,j0int

C. Joint Kinematics (Joint to Cartesian Space)

The forward kinematics of the instrument are formally
defined using the Modified Denavit-Hartenberg (MDH) con-
vention, which transforms the joint-space variables (g,)
into the Cartesian pose of the end effector. The instrument
itself possesses a 4-DoF Pitch-Yaw-Pitch-Yaw (PYPY) serial
chain, with the specific MDH parameters detailed in Table I.

For comprehensive 6-DoF control testing, the instrument
is mounted to a Franka Research 3 robot, which provides two
proximal degrees of freedom: prismatic translation along the
main tool axis and roll about the same axis. The Franka
is constrained to provide only these two DoFs, resulting in
a final PRRRRR joint configuration, as detailed in Figure
1. The forward kinematic chain is computed via successive
transformations using modified Denavit-Hartenberg (DH)
parameters [17].

A critical distinction of this kinematic architecture
emerges when comparing it to conventional non-elbowed
surgical instruments. Standard instruments achieve 6-DoF
control using a spherical wrist, which kinematically decou-
ples position and orientation: the proximal joints govern the
wrist center location, while the distal joints dictate the end-
effector orientation [18].

Introducing proximal articulation in the elbow-wrist in-
strument comes at the expense of this true spherical wrist.
The tool can only be modeled with a spherical wrist when
both elbow joints (Q1,0») remain at their zero-degree po-
sitions. Once either elbow joint articulates, the distal wrist
becomes physically offset from the primary roll axis of the
main shaft. Consequently, any subsequent roll motion sweeps
the tool tip along an arc rather than rotating it in place,
shifting its Cartesian position.

This coupling of position and orientation necessitates a
more complex control strategy than a standard spherical wrist
requires. Unlike a decoupled system, a pure orientation or
position change cannot be commanded by actuating distinct
joint subsets. Instead, achieving a desired orientation change
while maintaining the tool tip position requires the simulta-
neous, coordinated motion of the elbow joints during roll,
thereby enabling full 3-DoF orientation control at the wrist.

D. Coupling Compensation

To counteract the kinematic relationships outlined above,
a real-time compensation strategy is implemented. The algo-
rithm actively counteracts the coupling-induced cable length
changes. For a given proximal motion of g, k € {1,2},
affecting distal joint n, n € {3,4R,4L}, the algorithm operates
as follows:

1) Calculate Coupling Effect: The induced cable length
difference, Alcoupling, is calculated as in Eq. 8.
2) Determine Required Motor Action: The required
motor differential angle to counteract this coupling is:
Alcoupling 27
Pn

where p, is the cable pitch for joint n. This difference
is split equally between the antagonistic motor pair:

(an

Aerequired =

Aerequired

—

3) Apply Real-time Compensation: The compensating
motor commands are added to the desired motor com-
mands in the control loop:

AeComp = (12)

05 = 0,7 4 ABcomp- (13)

This feed-forward compensation strategy ensures that
distal joints remain stationary during proximal joint
motions, enabling decoupled and intuitive control of
the instrument.

The implementation of this control structure requires com-
puting Al oupiing for three distinct types of coupling within
the system. The spiral tensile couplings (Q1-Q2 and Q2-
Q3) were mathematically evaluated and found to induce
negligible path length changes, allowing them to be omitted
from the compensation strategy (see Section III). The circular
tensile coupling (Q3-Q4) was actively compensated using the
model derived and validated in [13]. Because the analytical
geometry alone was insufficient for the remaining circular
kinematic couplings (Q1-Q3 and Q2-Q4), empirical testing
was conducted to define these relationships. To compute
f(Q) for the kinematic couplings, empirical fourth-degree
polynomial models were derived (detailed in Section IV-B) to
relate the angular position of the dependent joint (¢gependent)
to the independent joint (Q). The effective radius of the
downstream link (¥gependens) Was then used to translate this
angular relationship into the required change in path length:

f(Q) = (rdependem) . (qdependem) (14)

IV. PERFORMANCE ANALYSIS AND EXPERIMENTAL
VALIDATION

A. Workspace and Dexterity Analysis

The manipulability index is a measure of how dexterous
the manipulator is at certain points in the workspace, and was
derived using the Jacobian with the Yoshikawa method [19].
High manipulability values indicate that the manipulator
can generate end-effector velocities effectively in multiple
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directions, reflecting greater dexterity. The manipulability-
based workspace analysis result is shown in Fig. 4. The
lower third of the sphere-like workspace demonstrates that
the proposed kinematic design maintains high distal manip-
ulability, making it well-suited for executing complex tasks
in confined and deep workspaces. This would align well
with operating deeper within the oropharyngeal cavity. By
decoupling the distal workspace from the sweeping shaft
motions required by conventional straight-shaft instruments,
the proximal elbow enables the system to maintain high
manipulability values within highly constrained anatomical
spaces. Tasks such as suturing and precise tissue dissection,
which require sustained multi-directional force application at
depth, are representative examples that would benefit from
this high-manipulability region. A full sensitivity analysis
quantifying tip displacement per unit joint increment is a
planned extension of this work.

Side View (YZ Plane) Side View (XZ Plane) I

Manipulability

§0.8

R 0.6

04
1 T T 1 T T 02
-0.6 -0.4 0.2 0 0.2 04 -0.6 -0.4 0 0.2 04
Y (m)

Fig. 4. Voxelized manipulability-encoded workspace. The tool is shown in
its home position with the proximal base frame. Link lengths are magnified
20x for visualization. Left) YZ plane, Right) XZ plane illustrating high
distal manipulability, which is optimal for performing complex tasks deep
within cavities such as the oropharyngeal space.

B. Development of Empirical Compensation Model

Experimental validation sought to evaluate the feasibility
of the proposed compensation strategy. First, the empirical
models described in Section III-D were derived from exper-
imental values for kinematic coupling relationships. These
models were then implemented into the control system to
evaluate their effectiveness in minimizing the unintended mo-
tion of the downstream wrist joints relative to the upstream
elbow joints.

1) Experimental Setup and Data Collection: A stereo
camera system (Teledyne FLIR LLC, Wilsonville, OR, USA)
was used to capture high-resolution images of the instrument.
To facilitate tracking, markers were painted on either side of
the rotational axis of each joint (Q1, Q2, Q3, and Q4) and at
the tool’s base (Fig. 3b). Prior to data collection, the stereo
cameras were calibrated using MATLAB’s Stereo Camera
Calibrator app. The three-dimensional (3D) position of each
marker was computed from the stereo images using trian-
gulation, providing non-contact measurement of the robot’s
joint positions.

To derive the empirical coupling models, systematic
benchtop experiments were conducted. The tool was first

initialized in a centered, straight configuration (90°). To
isolate the specific in-plane coupling effects, joints not under
evaluation were fixed in their neutral positions. The inde-
pendent elbow joints (Ql and Q2) were then commanded
through their full range of motion while the dependent wrist
joints (Q3 and Q4) received no motor commands.

Actuation was executed using the smallest consistently
controllable motor movement for the current hardware iter-
ation, which was 50 steps. Given the capstan circumference
of 15.7 mm per revolution, this resulted in discrete data
collection increments of approximately 7° for Q1 and 8.5°
for Q2. The resulting motion of both the independent elbow
joints and the dependent wrist joints was recorded using the
vision system at each increment.

2) Coupling Quantification Results: The above procedure
was repeated to quantify the coupling in each in-plane pair
(Q1-Q3, Q2-Q4). The maximum amount of coupling result-
ing from moving between joint limits was 116.59° for Q1-
Q3 and 119.72° for Q2-Q4. From this dataset, fourth-degree
polynomial models were derived to describe the relationship
between the dependent and independent joints across the full
range of motion. The derived models were well fit, with R?
values of 0.994 and 0.9877 for Q1-Q3 and Q2-Q4 coupling,
respectively (Fig. 5).

C. Compensation Performance Evaluation

The derived models were implemented into the control
system and the data collection protocol was repeated, record-
ing joint angles for each coupling pair while commanding
only the upstream joint. Results are presented in Fig. 6
and Table II, with the uncompensated case re-plotted as a
baseline. For Q1-Q3, compensation reduced the maximum
deviation from 116.59° to 17.02° and the average coupling
rate from 0.82°/° to 0.14°/° (82.9% reduction). For Q2—
Q4, the single-layer model yielded a residual average rate
of 0.33°/ °, insufficient given the lower R? of that model. A
second compensation layer was therefore fit to the first-layer
residuals, with the final ABomp computed as the sum of both
layers, reducing the average rate to 0.15°/° (80.8% reduction
from the uncompensated baseline of 0.78°/°). Pre-calculated
models were used throughout to minimize computational
overhead.

It was observed that while the empirical models suc-
cessfully captured the full range of motion, compensation
performance was optimal near the center of the workspace
and degraded slightly near the extreme joint boundaries.
This degradation is attributed to increased cable-to-channel
friction at extreme joint angles, where the non-linear rela-
tionship between cable path-length and joint rotation is most
pronounced.

D. Integrated System Demonstration

As a final validation, the 4-DoF elbow-wrist surgical
tool was integrated with the Franka robot (7-DoF), yield-
ing an 11-DoF teleoperated platform in which the Franka
supplied prismatic and roll motion of the proximal shaft
using a software-defined RCM. The system demonstrated
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Fig. 5. Experimentally derived model of in-plane mechanical kinematic

coupling used to create the empirical compensation model.

TABLE II
SUMMARY OF JOINT COUPLING PERFORMANCE METRICS

Condition Peak-to-Peak  Max. Rate  Avg. Rate
©) ¢/ (9]
Q1—Q3 Uncomp. 116.59 1.07 0.82
Q1—Q3 Emp. 17.02 0.35 0.14
Q2—Q4 Uncomp. 119.72 1.09 0.78
Q2—Q4 Emp. (1-Layer) 47.85 1.04 0.33
Q2—Q4 Emp. (2-Layer) 16.16 0.67 0.15

Note: Peak-to-Peak is the worst-case induced motion over the full range;
Max. Rate is the highest instantaneous coupling sensitivity; Avg. Rate is
the mean instantaneous rate of change. Lower is better for all. "Uncomp.”
and "Emp.” stand for "Uncompensated” and “Empirical”, respectively.

stable and intuitive teleoperation using the kinematic model
with real-time compensation, confirming the feasibility of
coordinated multi-DoF control for TORS applications (Fig.
3). These results establish a critical step toward transla-
tional application, demonstrating that the proposed tool can
be effectively deployed within a clinically relevant robotic
framework to support dexterity-intensive procedures such
as pediatric TORS. A supplementary video highlights the
enhanced dexterity and range of motion achieved in this
integrated configuration.

V. DISCUSSION

This study presents a novel elbow-wrist mechanism op-
timized for the oropharyngeal workspace, enabling high
distal dexterity and manipulability for TORS procedures in
a miniaturized package. Integrating a 4-mm elbow with a 3-
mm wrist, this tool represents the smallest fully articulated
rigid-link TORS instrument. The novel “sandwich” link
architecture minimizes component count and successfully
enables the high-density routing of eight tendons required
for 6-DoF motion. Furthermore, the instrument relies on a
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Fig. 6. Experimental results of the empirical compensation method. Top:
Q1-Q3 compensation, Bottom: Q2-Q4 compensation. Black dotted line:
the ideal fully decoupled relationship between joints. Grey line: recorded
coupling in the uncompensated system. Purple line (Q2-Q4 only): First
layer empirical compensation. Green line: empirical compensation (Q1-Q3),
second layer empirical compensation (Q2-Q4).

rigid-link architecture machined from stainless steel rather
than flexible continuum mechanisms, ensuring high structural
rigidity during tissue interaction.

Existing mechanisms with a distal elbow are primarily
intended for single-port systems [10], [20], using the el-
bow to create separation between instruments once within
a body cavity rather than to navigate narrow anatomical
corridors. While a 5-mm handheld continuum elbow-wrist
tool was previously developed [21], our 3-mm/4-mm pin-
jointed design offers significantly more compact articulation,
improving manipulability within highly constrained spaces
like the pediatric oropharynx.

Experimental results demonstrated kinematic coupling
(Fig. 5). However, our empirical compensation strategy effec-
tively mitigated these effects, reducing the average coupling
rate by 82.9% for Q1-Q3 and 80.8% for Q2-Q4. These
results also demonstrated the capability of this control system
to progressively improve coupling mitigation with further
layers of compensation. Future control optimization could
integrate an analytic kinematic model; however, addressing
non-linear effects at this micro-scale—such as friction, hys-
teresis, and cable backlash—will necessitate closed-loop or

13714



data-driven approaches. Methods such as Gaussian Mixture
Models [22], visual servoing [23], or adaptive control [24],
[25] have successfully improved precision in similar non-
linear microsurgical robotic applications.

Integration of the novel tool with a Franka manipula-
tor establishes a platform for comprehensive system-level
evaluation. By modifying the macro-manipulator’s prismatic
constraints, the system can mimic other surgical platforms
like the dVRK. Future characterization will quantify the
tool’s load capacity, force transmission, and actuation speed,
alongside evaluating its capability to perform dexterity-
intensive tasks within high-fidelity simulated environments
to guide subsequent in-vivo validation.

VI. CONCLUSION AND FUTURE WORK

This study presents a novel 6-DoF elbow-wrist instrument
at 3-mm in diameter, representing the first demonstration
of a fully articulated elbow-wrist mechanism at this scale
for TORS. The novel link architecture enables high-density
cable routing within a 4-mm elbow profile, providing the
mechanical hardware foundation necessary for dexterous
access to confined surgical workspaces such as the pediatric
oropharyngeal cavity. An empirical multi-layer compensation
strategy achieved greater than 80% reduction in kinematic
coupling, enabling decoupled joint control. Integration with
a Franka Research 3 manipulator demonstrated coordinated
macro-micro teleoperation of the combined system. Future
work will evaluate performance of dexterity-intensive surgi-
cal tasks—such as suturing and tissue dissection—in high-
fidelity simulated environments prior to in-vivo validation.
Future characterization should also address load capacity,
structural stability under applied forces, and actuation speed,
which are important performance metrics for clinical transla-
tion that were beyond the scope of this initial demonstration.
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