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Abstract—Device-assisted enteroscopy is an essential  length of the small intestine (SI) [1]. There are 3.8 million

procedure to evaluate and treat many conditions in the
gastrointestinal tract. Current enteroscopy devices that access
the ileum and jejunum are either slow and difficult or provide
unfavorable risk profiles. Here, a collapsible and motorizable
endoscopic spiral (CMES) attachment and proof of concept of
a procedure is presented. The device uses a soft pneumatic
spiral mechanism that attaches to commercial enteroscopes.
The spiral can be inflated to engage with the intestine, spun
to move through the tract by pleating tissue, and collapsed on
demand mid-procedure to be withdrawn in case of
complication. We evaluate movement rate by pleating in ex
vivo swine models, characterize the inflation-deflation
properties of the spiral, and validate articulation combined
with commercial endoscopes. By improving procedure ease,
efficiency, and safetyy, CMES can improve access to
gastrointestinal care and resolve unmet clinical needs.

Keywords—Medical devices, endoscopy, soft robotics,

biomedical engineering, gastroenterology
I. INTRODUCTION

A. Motivation: Accessing the small intestine

Effective treatment of many gastrointestinal (GI) conditions
requires accessing, imaging, and intervening along the complete
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hospital admissions annually in the U.S. for GI related
diagnoses, costing around $110 billion in annual health care
expenditures [2]. Delayed diagnosis in obscure GI bleeding
alone can result in a 13% increase in mortality [3]. To diagnose
and treat these GI conditions, endoscopic evaluation of the GI
tract is an essential procedure for direct examination and
interaction with GI organs. When direct access isn't required,
non-invasive imaging methods including capsule endoscopy,
magnetic resonance imaging, and computed tomography are
available for diagnostic evaluation. However, enteroscopy
provides direct access inside the body for clinicians to visually
evaluate the SI in real-time, explore specific sites, collect
targeted biopsies, and perform concurrent therapeutic
procedures such as polypectomy or hemostasis [4,5].

The SI has three segments: duodenum, jejunum, and ileum.
The SI past the early jejunum is referred to as the deep SI in this
paper. The SI is primarily composed of soft and viscoelastic
tissue with both inter-patient and location-specific dimensional
and mechanical variations. Human intestinal tissue is
heterogenous and has anisotropic properties with an average
elastic modulus of 2.63 MPa [6]. The inner diameter of the
jejunum is on average 30 mm and the inner diameter of the ileum
is 20-25 mm; the SI length can be 3-5 m [7].

The push enteroscopy procedure, while common, is not
capable of accessing the SI past the early jejunum. Push
enteroscopy entails manually pushing a scope to advance



through the GI tract. Advancing by push enteroscopy fails in the
deep SI due to insufficient anchoring and scope buckling [8]; the
scope cannot advance further beyond 5-10% of the entire SI
length. Past the early jejunum, the mesentery anchoring the SI is
reduced. Additionally, due to the increased tortuosity of the tract
and low stiffness of the scope, the scope starts to buckle and loop
with further pushing. More advanced procedures and systems
have been developed with the goal of accessing the deep SI [1].

B. Current small intestine access methods

Current devices for accessing the deep SI are either slow and
difficult or provide unfavorable risk profiles. These systems
build on push enteroscopy by using balloons to sequentially
anchor, soft robotics with pneumatic actuation, or spirals to pleat
the intestine. While these systems can reach the SI, the current
clinically available methods are slow and difficult while other
methods have high complexity or poor risk profiles.

Double-balloon enteroscopy (DBE) is the first choice
method for direct, deep SI access. DBE uses two balloons on an
overtube with a manual push-and-pull technique to sequentially
inflate, anchor to the SI, and move. Due to the repetitive and
manual process, DBE requires extensive clinical training, high
capital expenditure, specialized equipment, and is slow,
consuming one to three hours per procedure. Single balloon
enteroscopy uses one balloon to simplify the procedure, slightly
reducing training and equipment needs but still with similar
limitations. Compared to DBE, single balloon enteroscopy is
less successful traversing deep into the SI [8].

Research-grade soft robotic systems, such as vine-like and
inchworm-like mechanisms, use pneumatics to morph and
traverse through the GI tract [9,10]. These devices are not
approved by regulatory agencies and are likely to face
translational challenges due to cost, risk, usage difficulty, and
mechanical complexity.

The now defunct spiral enteroscopy (SE) method uses an
overtube with a spiral at the distal end to access the SI by
pleating [11]. SE was introduced to the US in 2008 by Spirus
Medical. The clinician spins the spiral and the spiral’s threads
engage with the luminal tissue of the intestine, pleating the
intestine over the scope and moving the scope forward through
the GI tract faster than balloon-based methods [11,12]. Manual
SE was laborious and the device required two people to operate
[13]. A motorized version was developed, boasting an average
procedure time of 60 minutes [11]. However, adverse
complications occurred during motorized SE, including
esophageal lacerations and mechanical failure mid-procedure.
The motorized SE device was recalled following a patient death

[11].
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Fig. 1. Comparison of endoscopic deep SI access devices.

C. A collapsible and motorizable endoscopic spiral

CMES addresses the unmet clinical need of easier, safer, and
more accessible SI evaluation and intervention. Inspired by the
efficiency of motorized SE and the safety profile of DBE, we
developed a collapsible and motorizable endoscopic spiral
(CMES) attachment (Fig. 1). A soft collapsible pneumatic spiral
mechanism was designed to traverse the SI like established rigid
SE systems, plus engage and disengage on demand while in the
body. This collapsible mechanism allows for safe and quick
removal in the event of a complication and potentially safer
passage through the esophagus. CMES is designed as a low-cost
universal attachment compatible with different commercially
available endoscopes. Thus, CMES provides improved speed,
ease, and risk profiles compared to state-of-the-art intestinal
access methods. Collectively, these results establish CMES as
an SI evaluation and intervention method with clinical
efficiency and translational practicality.

D. Mechanics of spiral pleating

The mechanics of enteric spiral pleating can be modeled
using the principles of screws [14]. As a screw rotates, the
threads engage with the surrounding to advance or retract
material. Thread-to-material engagement is dependent on
factors such as contact area, thread geometry (including height,
pitch, and inner/outer diameter), and the normal force the
threads exert (Fig. 2). In SE, these screw-driven material
displacement mechanics are utilized to navigate the SI: when
inserted and rotated, the spiral engages with the intestine’s
luminal tissue and pulls the tissue over the scope, pleating folds
of tissue. This allows the scope to advance and retract through
the SI. The viscoelastic and heterogeneous tissue pleating with
the spiral in the complex abdominal cavity constitutes a
challenging mechanics problem.
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Fig. 2. Spiral pleating mechanics and key parameters.



II. METHODS

The following key functional requirements for the system
were identified: dimensional compatibility to pass through the
esophagus and fit inside the intestine while fitting over the
endoscope; biocompatibility with the GI tract; engagement
with the intestine’s luminal tissue for effective pleating;
mechanical robustness when pressing against the intestine; fast
advancement in the GI tract; articulation around anatomical
curves, and quick disengagement. A core mechanical challenge
is to achieve sufficient stiffness to engage the intestine while
being able to morph and disengage easily with on-demand
changes in mechanical stress.

A. Design and fabrication

Two design strategies were explored: a thermoformed spiral
and a pneumatic thread spiral. Both were created from a 12 mm
thick 80A thermoplastic polyurethane (TPU) sheet and heat
sealed via a 12 inch impulse sealer. The key difference between
the configurations is that the thermoformed spiral has jointly
inflated threads and core while the pneumatic thread spiral has
only pneumatically inflated threads.
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Fig. 3. Model of thermoformed system. System assembled on the endoscope
(top). Close-up of the design’s components (bottom). The motor interface is not
displayed.

X
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The thermoformed spiral stiffens and collapses with the
inflation and deflation of both the core and threads (Fig. 3, 4). It
consists of a double layered cylindrical TPU sleeve with joined
TPU threads protruding from the outer surface. When the device
is pressurized, air enters from the inner cavity between layers
and stiffens the sleeve. A mold of a flattened spiral was 3D
printed (Prusa MK4) and used to thermoform discontinuous
spirals from a sheet of TPU via a vacuum former (Formech
450DT). The spiral and its base form the outer layer; the outer
layer is heat-sealed to a second sheet of TPU forming the inner
layer. Holes were created on the inner layer beneath the spiral
with a soldering iron for air to reach and inflate the threads.
Finally, the longitudinal edges of the piece were heat-sealed
together to create a tubular shape. At 3 psi, the thermoformed
spiral mimics the dimensions of the Olympus PowerSpiral with

a pitch of 48 mm and inner diameter of 18.1 mm; the entire
sleeve is 30 cm long.

Fig. 4. Physical prototype of the inflated thermoformed system.

The pneumatic thread strategy features a continuous
inflatable thread attached to a flexible overtube (Fig. 5, 6). To
create the threads, a TPU sheet was folded in half and heat-
sealed in three places: one seal parallel to the fold, and two seals
perpendicular to the fold. The helical balloon was adhered to
the flexible overtube with 3M Scotch-Weld plastic glue. The
inner diameter of the overtube is 14 mm, outer diameter is 18
mm, and the spiral thread pitch is 29 mm, mimicking the Spirus,
with a total thread length of 140 mm.

Fig. 5. Model of the pneumatic thread system. The white thread is the only
inflatable portion.

Fig. 6. Physical prototype of the inflated pneumatic thread system.

B. Experimental methods

Experiments were conducted to evaluate the ability to
traverse by pleating, to characterize the inflation-deflation
properties of the spiral, and to validate the compatibility of the
design’s mechanical properties with commercial endoscopes.

1) Ex vivo pleating evaluation

To evaluate pleating ability, ex vivo swine intestinal tissue
specifically from the jejunum and ileum was used as a model.
The intestine was excised from a freshly harvested GI tract and
rinsed. Meter long segments were cut and stored at -80°C. Each
segment was thawed for 24 hours at 4°C before data collection
to minimize degradation and assure consistency. A custom test
rig was constructed to suspend the intestine, mimicking the
mechanical constraints and suspension of the deep SI in the
abdominal cavity (Fig. 7). The rig was built from two vertical
PVC supports with a horizontal PVC beam between. Slidable
clips allowed the intestine to be suspended by its membrane.



This setup provided minimal rigid support while suspending the
sample, allowing the tissue to bunch and shift freely, simulating
the in vivo environment of the SI.

During testing, the opening of the intestine section was fixed
in place where spiral prototypes were inserted. Once each
prototype was fully inserted, the device was manually rotated
with the device shaft fixed in position. To maintain tissue
hydration and to replicate in vivo lubrication conditions, the
intestine was periodically sprayed with phosphate buffered
saline. Experiments were done within two-hour intervals to
avoid the effects of tissue degradation. Initial testing with
preliminary prototypes compared diameters, pitches, and
materials to establish a range for parameters. Quantitative
measurements were collected on prototypes with the pneumatic
thread design.
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Fig. 7. Ex vivo characterization of pleating with swine SI. In the setup (top),
the intestine is suspended by membrane to replicate the in vivo environment.
The device engages the suspended SI to pleat and move (bottom).

To quantify pleating, a reference point was first set on the
intestine’s outer surface with a surgical ink fiducial marker. The
distance was measured by ruler from the distal tip of the device
to the fiducial marker, at every set of turns n. The distance the
device advanced was calculated (Eq. 1, 2). Nonzero distance
advanced was considered successful pleating for initial ex vivo.

Distance(n) = Positionpigta tip (M) — Positiongigycia(m) (1)
Distance advanced(n) = Distance(n) — Distance(0) (2)

2) Inflation-deflation characterization

The outer diameter of the spiral is critical for safe passage,
removal, and spiral engagement. The dimensional response,
measured by outer diameter of the spiral, to pressure change was
characterized using a pump with an integrated pressure gauge
(eBall). A caliper was used to measure the spiral outer diameter
at different internal pressures.

3) Validating articulation compatibility with endoscope

To successfully navigate anatomical curves, the flexible
spiral must not affect the articulation of the endoscope. The
bending stiffness and the minimum bending radius are critical

metrics to compare between the endoscope with and without
CMES. Together, the metrics represent force required to turn
and sharpest turn possible. A dual channel Pentax EG-3890TK
was used as an example of a commercially available endoscope.
Qualitatively, a camera and fixed tripod were used to record the
cantilever bending of the endoscope due to gravity with and
without CMES to visualize impact of the device on the
endoscope’s articulation.

III. RESULTS

A. CMES can match the pleating efficiency of rigid
motorizable spirals in ex vivo swine model

Initial testing with prototypes compared diameters, pitches,
and materials to establish a range for effective intestinal
pleating. Table 1 shows how various geometry and material
combinations affect pleating ex vivo. The pneumatic thread
spiral design performed more regular pleating than the
thermoformed spiral, so the pneumatic thread spiral was used
for further investigation.

TABLE L SPIRAL GEOMETRY AND EFFECTS ON EX VIVO PLEATING
. Inner- Pleating
Material Outer Pitch Engages Ra{ates (Engage Collapse
(Core — . s in On
Shaft) Diameter (imm) Tissue Intestine n Demand
(mm) Rotate)

PVC-Wood 5-10 46 X v X X
Glue-PVC 13-27 53 X v X X
GliePVC | 2539 3 v X X X
Glue-PVC 19-35 2 v v v X
TPU-PVC 19-36 8 v v v v
TPU-TPU | 2831 # v X X v

Spirus v v v X
17-29 29
)

The ex vivo advancement by pleating experiment shows the
pneumatic thread spiral was able to effectively engage the
intestine’s luminal tissue and pleat at a rate comparable to or
better than positive control, the rigid Spirus (Fig. 8). The device
performed slightly worse than a fully rigid solid spiral of the
same dimensions. This comparable rate was generally sustained
over the measured 10 spiral turns reaching 12.97 + 0.34 cm
(n=3, mean + SD).
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Fig. 8. Distance advanced by pleating over number of turns (n=3, +1 SD
shaded).

B. CMES can inflate to beyond lumen size of intestine and
deflate to below lumen size of intestine on demand

When inflated CMES can reach sizes engaging with the
intestine and when deflated CMES can shrink to sizes smaller
than the intestine (Fig. 9). When pressurized, the CMES outer
diameter reaches sizes comparable to the positive control rigid
spiral. Upon depressurization, CMES shrinks and rapidly
disengages the intestine — a safety feature the Spirus and
Olympus devices lack.
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Fig. 9. Outer diameter of CMES pneumatic spiral over varied pressures (n=3,
+1 SD shaded).

C. CMES does not majorly curtail the articulation of a
commercial endoscope

Based on qualitative comparisons of the endoscope with and
without CMES, there are no major changes in cantilever bending
and minimum bending radius. These metrics are critical to the
articulation and navigation of the endoscope in vivo. The
endoscope alone is used as positive control.

Fig. 10. Comparison of cantilever bending between endoscope with and
without CMES. The red outline shows bending of standalone endoscope
(positive control); the blue outline shows bending of endoscope with CMES.

The observed difference in cantilever bending deflection is
minimal (Fig. 10). This implies that the addition of the inflatable
spiral does not significantly change the flexibility of the
endoscope. This was confirmed during the bending radius test
where the scope was bent with and without the CMES spiral to
the minimum possible radius, showing no major restriction (Fig.
11).

Fig. 11. Comparison of minimum bending radius between endoscope with
CMES (left) and without CMES (right, positive control).

IV. CONCLUSION

CMES uses a pneumatic soft spiral mechanism to enable
safe and efficient endoscopic intestinal access. We demonstrate
that CMES can traverse the SI by pleating and collapsing on
demand. Compared to DBE, CMES enables a streamlined
procedure to access the deep SI more easily and quickly with
less equipment. Compared to SE, CMES provides a safer risk
profile due to the device’s collapsibility and softness. While
other soft robotic device-assisted enteroscopy methods have not
reached the clinic at scale, CMES is expected to close the
translational gap thanks to the design’s ease of use.

Future work will focus on the development of a complete
enteroscopy platform. CMES is designed to be attached via
bearings with pneumatic tubing along the endoscope. While the
rotating and pneumatic components of the device can be
connected by a rotary union, it could prove difficult due to size
constraints. Inflation control can be developed with real-time
closed-loop pressure control and smoother integration with
existing enteroscopy workflows. Ex vivo characterization is
required to evaluate the effects of motor torque and speed on
tissue health and advancement speed. In vivo testing of safety
and effectiveness in large animals, accounting for various
complications and emergencies, would prepare CMES for
clinical translation. Future soft robotic endoscopy devices
focused on mechanical simplicity and integration with clinical
workflows can improve access to GI care.
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