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With Asymmetric Joints for Active Chest Catheters
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Abstract—Thoracostomy involves draining fluid from the pleu-
ral cavity using chest tubes. This medical intervention is currently
performed manually by inserting a hollow flexible tube, risking
damage to vital organs, including the lungs, diaphragm, spleen, and
mediastinum, due to the lack of control over the tube’s path inside
the patient’s body. Inspired by snake-like structures, continuum
robots are particularly well-suited to address the challenges en-
countered during thoracostomy. Taking advantage of their slender
shape, they can nest inside the tubes and guide them from within
without requiring further incision. However, available continuum
robots are not suitable for this application due to geometrical and
payload requirements. In this letter, a novel design is presented,
leveraging a multi-backbone structure with asymmetrical rolling
joints to enhance payload capacity and dexterity while maintaining
the slender shape of the robot. A static modeling approach is
proposed to estimate the configuration of the robot given the force
applied to the robot, including the effects of friction and gravity of-
ten neglected for these robots. Two prototypes were 3D-printed, al-
lowing for after-use disposal due to their cost-effectiveness, thereby
preventing cross-contamination. Stiffness and position error were
evaluated for the prototypes, demonstrating a modeling accuracy
of 2.25%.

Index Terms—Continuum robots, kinematics, mechanism
design, soft robot materials and design, tendon/wire mechanism.

I. INTRODUCTION

HORACOSTOMY is a high-risk medical procedure that
T involves draining a fluid from the pleural cavity via chest
tubes, with complication rates reported as high as 40%. Many
of these complications arise from improper tube positioning or
inadvertent damage to internal organs during insertion, which
is typically performed blindly [1] and with no control over the
tube’s path (Fig. 1).

Continuum robots, due to their slender shape, can fit inside
these chest tubes and guide them from inside. They can reduce
the complication rates of this medical operation by providing
control over the tube’s path to avoid damaging internal organs
and facilitate proper tube positioning. Furthermore, sensing the
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Fig. 1. Schematic of chest tube insertion [4].

robot’s configuration gives feedback on the tube’s shape to
increase procedural safety.

However, this task presents significant medical and technical
challenges. First of all, the medical environment requires the
robot to be either sterilizable at a high temperature or dis-
posable after usage (and thus inexpensive) to prevent cross-
contamination. Moreover, the entire robot’s length has to be
steerable to enable proper tube positioning. The force capacity
of continuum robots is generally low, limited by their structural
properties such as stiffness and range of motion [2]. Since
the tubes have a high slenderness ratio, it becomes difficult
to manipulate them due to the reduced force capacity. Further,
compliance is crucial for safety in medical continuum robots.
An increase in stiffness would result in reduced compliance [3],
impeding the expansion of the lungs.

To address these challenges, a novel rod-driven, multi-
backbone design with asymmetric rigid links and rolling joints
is proposed. This asymmetric design increases the leverage of
the active rod without extending the diameter of the robot, which
allows for a higher force capacity while maintaining compliance.
Additionally, a static modeling approach was developed to pre-
dict the robot’s configuration from the applied tension force. To
validate the robot’s effectiveness in manipulating the chest tube
and ensure the accuracy of the proposed modeling approach,
a prototype was 3D-printed and experimentally characterized;
this manufacturing solution also facilitates disposability due to
its cost-effectiveness.
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The contribution of this work can be summarized in the

following points:

e Chest tubes are currently inserted manually, using a rigid
straight core to provide stiffness during part of the insertion,
which is then gradually pulled out of the tube. This makes
reaching the target pose, with the tip of the tube close to the
desired aspiration point, difficult, critically reducing the
effectiveness of the tube. The proposed design provides
a way to guide the tube up to the desired point, thanks
to its active degrees of freedom, while maintaining the
disposability of the system, thanks to its limited cost.

® The proposed architecture employs asymmetric rigid links
with rolling joints, previously seen mostly in lower-
mobility hands, for a novel hyper-redundant architecture
that achieves a higher payload while maintaining a slender
form factor (6.2 mm outer diameter, backbone length of
375.0 mm, for a 60.5 length-to-diameter ratio).

e A static modeling approach is proposed to predict the
robot configuration and enable shape sensing from mo-
tor torque measurements. This model realizes an efficient
compromise between accuracy and computational cost by
including static and friction parameters and modeling the
actuating NiTi rods through the Capstan equation. Experi-
ments performed on a 3D-printed prototype demonstrated
its effectiveness in manipulating the tube and the accuracy
of the proposed model, with 2.25% error with respect to
robot length (PCC model: 11.45% error) while maintain-
ing much better computation times (approx. 44 Hz) than
differential (e.g., Cosserat) models.

II. REQUIREMENTS

In this section, we will analyze the challenges presented by the
task, which result in specific requirements for the robot’s design.
Some of these requirements arise due to compatibility with the
medical setting, while others stem from technical constraints
such as the robot’s size, kinematic and kinetic properties, and
actuation mechanism.

A. Medical Requirements

In a clinical environment, equipment must be purged of all
living organisms through sterilization, thereby preventing the
transmission of infection between patients. Medical devices are
classified into three categories based on the level of sterility
required: critical, semi-critical, and non-critical [5]. Since chest
tubes directly come in contact with bodily fluids and open
tissues, their sterilization is deemed critical.

Hospitals predominantly use thermal sterilization techniques
due to their low cost and safety hazards. In order to destroy
cells and microorganisms, the materials must withstand high
temperatures, often accompanied by steam. Radiation-based and
chemical methods offer a wider range of material compatibility;
however, the former is rarely used in hospitals due to its safety
hazards, whereas the latter has limitations when dealing with
crevices and internal channels [6].

Therefore, ensuring sterilizability would necessitate high-
quality metals, which must be machined at high costs due to
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Fig. 2. 28F chest tube: (a) Commercial model with rigid inner core;
(b) required degrees of freedom for active insertion.

their small dimensions. Alternatively, additive manufacturing
allows for cost-effective fabrication, facilitating disposability.

B. Technical Requirements

Chest tubes come in different shapes and sizes, often ex-
pressed in French units, equal to one-third of a centimeter. The
proper sizing is determined by the flow rate that the tube can
accommodate, the properties of the fluid being evacuated, and
its rate of formation [7]. Large-bore tubes are associated with a
higher complication rate [1]. For this reason, a common large
bore tube with an outer diameter of 28F was chosen for this task.
The robot’s dimensions are determined by the tube size shown in
Fig. 2(a), resulting in an internal 6.2 mm diameter and a length
of 375.0 mm.

Tube insertion is the most critical part of the operation. The
robot must bend inside the chest wall before it reaches the vis-
ceral pleura to avoid damaging the internal organs. The thickness
of the chest wall ranges from 26.6 to 80.2 mm, with an average
of 48.6 mm as reported in [8] and [9]. Consequently, achieving
a radius of curvature smaller than 20 mm ensures that the robot
can bend within the chest wall.

At least two degrees of freedom (DoF) are required for the
task (Fig. 2(b)). The tube tip interacts with anatomical tissue
and sets the path for the rest of the tube; therefore, one DoF
at the tip is essential for navigation. Another one is required at
the base to maintain a sharp bending angle at the insertion point
throughout the operation. Adding another DoF in the middle can
enhance the robot’s dexterity, and an extra DoF at the tip allows
for navigation inside the sagittal plane. A list of the requirements
is laid out in Table I.

III. DESIGN AND MODELING

The first step in the design process is to select an architecture
and actuation mechanism. Continuum robots are categorized
into intrinsically and extrinsically actuated robots, depending on
where the actuation takes place. Intrinsic actuators are located
directly on the robot itself and form a part of its backbone [10].
In contrast, extrinsic actuators are separated from the backbone
and only act on it through force-transmitting mechanisms. The
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TABLE I
REQUIREMENTS

Requirement Numerical Value gii?::ﬁz((lz]));
Length 375.0 mm E
Outer diameter 6.2 mm E
Inner diameter 3.0 mm D
2 (Base, Tip) E
Degrees of freedom 2 (Base, Tip x2, Mid) D
Bending range (Base) 19800(?fg g
Bending range (Tip X) 90 deg E
Bending range (Mid) 90 deg D
Bending range (Tip Y) 90 deg D
Max radius of curvature 20.0 mm E
Estimated Tension 10-100 N E
Payload at the tip >0.35N E
Compliance under load - E
Sterilizable/Disposable - E

remote actuation eliminates the robot’s size dependency on the
actuators and allows for a much leaner design [11]. Besides, it
facilitates robot sterilization or disposability by removing the
onboard electronics, while the actuators can be hermetically
sealed to prevent contamination.

Tendon-driven and concentric tube architectures are the most
common among continuum robots. While concentric tube robots
are often slenderer, they exhibit lower force capacity, limited
workspace [12], and snapping behavior [2]. Therefore, an extrin-
sically actuated tendon-driven architecture is best suited for our
application. Among these robots, the structures utilizing discrete
rigid links with rolling joints, such as those in [13] and [14],
achieve the highest force capacity relative to their slenderness
ratio. Building on this concept, this section proposes a design
based on the aforementioned architecture.

A. Mechanical Design

A prototype was designed containing three sections, each
providing one degree of freedom (Fig. 3(a)). The sections are
composed of rolling joints with connector links in between that
facilitate tendon routing (Fig. 3(b)).

This robot has negligible inherent stiffness as the tube acts as
an external backbone. The rolling joints have a circular profile,
which is symmetrical for the distal sections’ joints (Sections 2—
3), similar to other continuum robots with this design [14].
Since the proximal section only needs to navigate away from the
internal organs, different asymmetrical one-sided rolling joints
are instead proposed for this section to increase the leverage of
the actuating tendon and the section’s range of motion in the
direction of interest, consequently enhancing the force capacity
(Fig. 3(c)). This asymmetric design (Fig. 4(a)) is obtained with a
flat top for higher fabrication quality during additive manufactur-
ing by alleviating the need for support. The profile of the rolling
joint consists of two tangent arcs with different radii R; and Ro.
The centerline of the two arcs is not placed in the middle of the
link, but at distances A; and Ay from the tendon holes, which
increases the leverage of the farther tendon, resulting in higher
torque and payload capacity. As shown in Table II, by changing
the lever arm of the tendons from 2 mm in the symmetric design
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Fig. 3. Prototype design: (a) Link arrangement in the designed prototype;

(b) connector link design for tendon routing and fixation; (c) First section with
asymmetrical links and base link equipped with grippers to attach to the tube.

) o

Al _‘AQ . \ “

—

&/ a ) )
/ \ |\
/e
~_ [BX} 1 ‘ l [
(a) (b) (c)
(d

Fig. 4. Asymmetric joint design: (a) Side view of an individual link with
geometrical parameters; (b) link sequence; (c) section buckling; (d) side view
of the upgraded design.

TABLE I
DESIGN PARAMETERS

Parameter Value Description
L 15 mm Link length
D 6.2 mm Link diameter
n 15 The number of joints in the section
R, 6.7 mm Radius of the larger arc in the joint profile
R, 2975 mm Radius of the smaller arc in the joint
profile
A 3405mm Larger d{stance between the rods and the
line of centers of the arcs
4, 1£0.5 mm Smaller distance between the rods and the

line of centers of the arcs
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Fig. 5. Actuation system and the robot. (a)

to 3 mm (A1) and 1 mm (A2), this design respectively doubles
and halves the mechanical advantage when bending the section
in those directions if we assume the same tendon tension.

To enable motion in both directions, the joints can alternate
sides while maintaining this increased leverage (Fig. 4(b)),
though this compromises structural stability and can lead to
buckling (Fig. 4(c)). To address this issue, a multi-backbone
architecture was implemented by substituting the original
braided fiber tendons with Nitinol rods, which introduce
inherent stiffness into the system to minimize buckling and
enhance force capacity. The length of each joint has been
selected to allow bending radius up to the desired range of
motion while minimizing the number of joints (thus minimizing
buckling, enhancing stiffness, and simplifying manufacturing
and assembly). However, this value can be easily modified
without significantly affecting robot behavior.

Holder pieces were designed to grasp the base link and fix it
in an actuation box, which contains all the actuation elements,
including a Dynamixel MX-64T DC motor and a spool (Fig. 5).
The Nitinol rods are attached to the spool and pulled by the
motor to bend the robot.

B. Modeling

This section presents a static modeling approach for the
latest design, focusing on the novel asymmetric design. Static
equilibrium equations are written for each link to achieve a set of
simultaneous equations that can be solved numerically to obtain
the joints’ bending angle under the specified tension force. A
few assumptions are made to keep the model from being overly
complex, including:

e The Nitinol rods remain linearly elastic within the robot’s

range of motion.

e The motion is confined within a plane.

e The friction between the rods and the links can be modeled

with the Capstan friction theorem.

e The equivalent normal contact force acts on the middle

point of the active tendon hole.

¢ Link deformations and joint slips can be ignored.

The forces exerted on the odd-numbered links are shown in
Fig. 6. They include the tension force applied by the fixed rod
(F!)at P‘if , the reaction forces applied by the upper link (FEH)
and to the link below (FzR), normal contact force (IN;) and
friction force (f,) that the rod exerts on the link at P2, gravity

Fig.6. Free body diagrams: (a) Odd-numbered links, except for the distal one;
(b) the distal link.

Pi

Fig. 7. Definition of parameter ;.

(G;) applied at the center of mass (P?), external forces (F'§*")
applied at P¢*!, and the elastic resistivity of the left (M) and
right (M) rods. The frame origin is located on the joint profile
where the two arcs meet, with the y-axis pointing toward their
centers and the x-axis pointing in the bending direction.

The tension force in each link (F}) is approximated from the
tension force in the link below (F ;) using the Capstan equation
to consider the friction force with the coefficient of 1 (1). This
method is explained and proven effective in previous works such
as [15].

|Fi| = Ff et (1)

The definition of ¢; in (1) is illustrated in Fig. 7. This angle
would be equivalent to the bending angle of the section in an
ideal case, but it differs in the real case because of the clearance
between the tendon routing path diameter and the diameter of the
tendon/rod cross-section. As such, the theoretical centerline of
the tendon and the centerline of its desired paths differ, creating
localized contacts that generate friction at specific points. P}
and P?7 are located on the sides of the active tendon hole and
form a circle with P?. The angle between P; and P? on this
circle is considered equivalent to the angle swept by the tendon
on a pulley in Capstan equation.

1 A£+C
Pi—{ . } )
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l
P’ = Ai—c } 3)

! [Ri (1 —cosay)
ps_ (AL — R;6; + ¢) cos0; + R;sin0; + Lsinb,
i (AL = R0 + ¢) sinb; + R; (1 — cos ;) — Lcosb;
“)

Therefore, the tension force in each link can be calculated as
a function of the applied tension force by the actuator F.

K Z Pi
7=t &)

The friction force is the difference between F} and F}

|[Fi| = Fy e

i—1
AP
j=1

il = Fle (1 — e 1) ©)

Also, the normal contact force can be calculated by dividing
the friction force by its coefficient.

N3 =Y, £l (7)

The elastic resistive moment applied by the Nitinol rods is
given by (8) as discussed in [15], where E is the equivalent
modulus of elasticity and [ is the moment of inertia of the rod.
The length of the rod that is not covered by the links is denoted
by s, which is a function of the bending angle 6.

\M;| = Elﬁi/si 9,) (8)

The gravitational force is directed at an angle of v);, which
indicates the orientation of the link in the space. It can be
calculated from the initial configuration of the robot and the
cumulative deformation up to that joint.

Now we can write the moment balance at O; as

ZMO =0=F, x (Pf-0;)+(N;+f))
x (PN —0;) +G; x (PY - 0;) +
X (Pf“—OZ—)—

F(:‘xt
Mslastic =0 (9)

The y-axis force balance equation for the last link becomes

ZFy =0= Ff‘cos@n —Ffl — fn— Gy cosp, = 0
(10)
and for the rest of the links, we get
ZF O:>FR(:059 z+1 — fi — G; cosyp; = 0
(1)

The left- and right-hand side parameters of each link are
indicated by a superscript of [ and r, i.e., Aé, AL, Ré, Ry
correspond to Ay, As, Ry, Rs for the odd-numbered links and
to As, A1, Re, Ry for the even-numbered links respectively. R;
is defined as the arc radius of the active joint profile. Since only
left-side bending is considered in this work, it is given as

R = {R;ﬁ 6; <0 (12)
The angles «; and 3; are defined as
a; = sin 1 Bi/ (13)
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Fig. 8. Free body diagram of even-numbered links: (a) During buckling;
(b) during normal motion.

B; = sin M/ 4 (14)
Consequently, s;(6;) for the left- and right-side rods will be

~ RL(1—cos (o — 0;)) 9

si (0:) sin 0 ' (13)
st (0;) = B _Csfiéﬁi +0)) 4, (16)

The vectors connecting the origin to Q;, P, P¢, and PY
are given by (17) through (20) for all of the odd-numbered links
except for the last one (Fig. 8(a)).

o o, |
P = :Lﬁl/2+R§A(21 - cosai)} 1%
PS = (A + AfL) /72y—c;4f - JSCG] (19)
Pr - :Aﬁ - Ali+1]j' Ri+19i+1:| 20)

While (17)—(19) remain the same for the last link, Pf; be-

comes
Al

I ey

In the case of the even-numbered links, the x-axis is defined
as positive in the right direction to simplify the equations, while
0; is defined as positive when the link is bending on the left side,
and O; is given by (17) as before. However, va R PZ-G ,and Pf

become
r 1
P = L2 + R_i?ll — Cos ai)} (22)
j 47— 2540 xCG] 23)
L —-ycea
P = (A} — Af+1L Ri+19i+1:| 24)
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Fig. 9. Robot prototype: (a) Inside a chest tube; (b) experimental layout to
evaluate model accuracy; (c) example of an RGB-D point cloud acquired with
the 3D camera.

IV. RESULTS AND DISCUSSION
A. Experimental Results

To evaluate the accuracy of the proposed modeling approach
and the asymmetric design’s capability to bend the tube, a
prototype of the first section was fabricated and tested inside
the tube to ensure that it meets requirements with a reasonable
actuation force (Fig. 9(a)). Then, a setup (Fig. 9(b)) was prepared
to measure the robot’s configurations and actuation forces within
its range of motion. The Dynamixel MX-64T motor’s embedded
torque sensor measures actuation force. An Intel Realsense 3D
camera measures the coordinates of key markers on the robot.
A Python program was coded to convert 3D camera data to a
point cloud (Fig. 9(c)), where the coordinates can be measured
and processed.

The modeling error was defined as the Euclidean distance
of each modeled point with its measured value divided by its
distance from the base link. Subsequently, model parameters,
such as friction coefficient, were calibrated with an optimiza-
tion that minimized the modeling error. Then, the model was
compared with the experiments in Fig. 10, showing a 2.25%

the planar motion, with 2.25% modeling error on the optimized model.

Robot Configurations with PCC Model
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Fig. 11. PCC modeling results during the planar motion.

error during the planar motion. For comparison, the robot was
modeled in the same scenario with piecewise constant curvature
(PCC) kinematics, the most common method for modeling
continuum robots [16]. Also, in this case, the model parameters
were optimized, and the results are demonstrated in Fig. 11,
showing a modeling error of 11.45%, over five times that of the
proposed modeling approach.

The robot was also tested in a hanging configuration to eval-
uate the effects of gravity, resulting in an increase in modeling
error to about 3.60% (Fig. 12). During this test, the twisting
motion and tendon clearance had a more significant influence,
giving rise to increased measurement errors mostly attributable
to low manufacturing precision and varying assembly condi-
tions. The actuation forces are decreased due to the reduced
friction.

B. Discussion

The system proved effective in actuating the catheter, with the
proposed design with asymmetric joints providing the expected
range of motion without experiencing significant buckling. This
asymmetric profile thus results in a simple and effective alterna-
tive to other asymmetric features that have already been used in
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continuum robotics (e.g., backbone asymmetry [17] or routing
asymmetry [18]). These previous solutions exploit asymmetry
to obtain complex backbone shapes with a limited number of
motors; conversely, the proposed asymmetry maintains a cir-
cular backbone shape under load while increasing mechanical
advantage.

In addition to its kinetostatic behavior, the system also fulfills
the medical requirements: the entire system can be detached
from the actuation unit by releasing four clamping screws and
disposed of. The expendable part is made of 3D printed material
(which can also be easily adapted to molding or alternative
manufacturing technologies) and inexpensive NiTi rods, for a
total cost estimated at less than $10.00 per prototype at the time
of writing.

The proposed model performs significantly better than PCC,
while still maintaining a much lower computational cost than
exact geometrical models (e.g., Cosserat [11], [18]). An average
time of 23.16 ms per configuration is observed with the proposed
model, computed on a laptop with an Intel 6700hq core i7
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with 16GB RAM; the average was computed over a sequence
of 14 configurations repeated 1000 times. In comparison, the
PCC model requires approximately 1.15 ms per repetition. This
difference is due to the PCC model only computing a single
bending variable per position, ignoring differences between the
segments and the statics of the structure (resulting in higher
errors for higher loads; see the bent positions in Fig. 11). Fur-
ther, the initial iteration of the proposed method is observed as
significantly slower than the others, as successive configurations
use the previous ones as initial solutions, significantly speeding
the algorithm up.
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The advantage of the proposed model in capturing the be-
havior of the system segment by segment is better illustrated in
Fig. 13, which depicts the results of how the joint bending angles
vary by increasing the tension force.

The different behavior of the three joint categories is clear.
The bottom of the diagram shows the behavior of the joints
associated with buckling, which oppose the robot’s motion at
first but return to the normal motion when the tension force
exceeds 20 N. Buckling peaks around 6.8 N of tension force
for most of the even-numbered joints and its maximum value
is maintained at about —1.4 degrees, demonstrating the effi-
cacy of using Nitinol rods to mitigate buckling. Odd-numbered
joints bend faster at lower forces, but the bending slows down
at larger forces due to friction build-up and increased elastic
force.

Further information on system repeatability can be ex-
tracted by analyzing acquisition results over multiple rep-
etitions (Fig. 14), where five separate tests have been
performed.

Each test consists of data for 16 points equally spaced along
the backbone at 14 different instants in time, each corresponding
to a different actuation force. The overall performance can
be evaluated through tip position error, computed as the dis-
placement between the acquired and modeled tip position, and
as shape error, computed as the average displacement of the
acquired positions for the 16 control points from the modeled
ones. Overall, the average tip positioning error is 2.88%, with a
standard deviation of 1.22% (relative to backbone length); the
shape error is 2.55%, with a standard deviation of 0.72%. Further
information can be extracted by observing the position error
at different backbone lengths (Fig. 14(b)): the most proximal
segment of the robot shows the worst behavior; the mean error
then quickly decreases and increases again, together with the
standard deviation, towards the robot tip. Finally, Fig. 14(c)
shows how performance is consistent in different configurations
and at different actuation forces. Overall, these values highlight
robust, repeatable behavior, as shown in the six sample positions
reported in Fig. 14(a).

V. CONCLUSION

This article presents a continuum robot design to guide chest
tubes during thoracostomy to reduce its complication rates. The
proposed design enhances existing chest tubes with active shape
control thanks to an actuated core made of a lean continuum
robot

In future work, minimizing the twist motion observed in
the system during the preliminary experiments could notably
improve the robot’s accuracy and repeatability to facilitate better
control. From a modeling perspective, introducing non-linear
material behavior (i.e., Nitinol superelasticity) will also con-
tribute to higher accuracy. Once refined the design, the system
will be tested on anatomical phantoms to develop a user-friendly
control interface with a realistic demonstration.
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