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Abstract— Robot-assisted Natural Orifice Translu-
minal Endoscopic Surgery (NOTES) represents a
paradigm shift in surgical practice, significantly mini-
mizing patient morbidity. However, the variability of
inner diameter and the inter-luminal crossing within
the luminal tracts lead to challenge for effective
robotic intervention. Inspired by the motion of the
chrysalis during its transformation, we designed an
innovative pupal-mode actuator for NOTES robots.
Through the manipulation of its internal air cham-
bers, this actuator is capable of replicating wriggle-
like movements. Through experimental analysis, we
have acquired the constitutive characteristics of this
actuator. Subsequently, an innovative gastric en-
doscopy robot is developed base the actuator and
tested in a phantom. The results of the task simula-
tions substantiate that the pupal-mode actuator has
the capability to reduce resistance and enhance the
safety of the endoscopic intervention.

I. INTRODUCTION

The natural orifice transluminal endoscopic surgery
(NOTES) [1] is a surgical technique that completes the
surgical operation through the lumens of body (gas-
trointestinal tract [2], respiratory tract [3] and urological
application [4]). The NOTES can minimize the trauma of
surgery to patients and has broad application prospects.
However, the variable inner diameter and the inter-
luminal crossing lead to the difficult intervention opera-
tions and steep learning curves in NOTES.

In the past decades, various medical devices have been
designed and applied in NOTES. For example, during
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endotracheal intubation, in order to cross the throat, a
sickle shaped laryngoscope is used to achieve oropha-
ryngeal intervention [5]; During endoscopic retrograde
cholangiopancreatography (ERCP) [6], the doctors use
a duodenoscopy which has a side camera and forceps
lifting device, to achieve the intervention of pancreatic
duct. In vascular interventional surgery, a series of guide
wires, balloons, stents are used to achieve the crossing of
the malformations, embolism, and valves in human blood
vessels [7].

With the application of surgical robots, doctors’ op-
erational capabilities in NOTES have further improved
[8]. For example, The robot-assisted bronchoscopy biopsy
simplifies the physician’s procedure and allows access
to deeper areas of the lungs [9] [10]. DuPont et al.
of Harvard Medical School designed a “wall following”
algorithm [11] inspired by animals and achieved the
autonomous cardiac intervention. The results of ani-
mal experiments showed that, the performance of an
autonomously controlled robotic catheter rivaled that
of an experienced clinician. Lucile Zorn et al. success-
fully performed robot-assisted ESD surgery in pigs [12].
However, the NOTES robots still need precise master-
slave operation or additional assistance when facing the
transition regions of the variable inner diameter and
holes connecting different lumens. Especially when the
lumen becomes narrow, the tip of the robot need to press
the lumens to achieve the movement.

Harnessing inspiration from the natural to refine
robotic design has proven to be a fruitful research
method [13]-[16]. We noticed that there are many insects
in nature can use simple body structure and a easy
motion to drill and move in caves. For example, the
chrysalis of butterflies, which have no limbs or precise
perception, can complete its movement in the cave by
swinging its body, as shown in Fig. 1(a, b). This pupal
mode motion does not need the accurate positioning of
the target hole and the accurate control of the body
movement. It just needs to approach the target and
wriggle the tip, keep a certain contact pressure, the body
will cross various forms of holes and lumens. With the
help of the soft tissue environment and the lubricating
fluid in the human lumen, we believe this motion mode
has great potential for the NOTES. Inspired by the
chrysalis, we proposed a pupal-mode pneumatic actua-
tor, as shown in Fig. 1. The actuator is made of silicone,
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the inflation sequence, frequency and pressure of the
chambers, the actuator can reproduce the pupal motion.
Further, we designed a new form of NOTES robot based
on the pupal-mode actuator to verify the performance
of pupal-mode actuator in NOTES, as shown in Fig.
l.e. Experiments show that the pupal motion has less
interaction force and more brief control form than the
traditional endoscope.

II. MATERIALS AND METHODS

A. Conception and design of the pupal-mode actuator

To begin with, we conducted an analysis of chrysalis
movement and distilled the pupal-mode motion into the
following design criteria:

o The base of the chrysalis should maintain stability
while the head swings;

o Pupal-mode motion should incorporate two degrees
of freedom (DOFs), facilitating the adjustment of
frequency and amplitude in accordance with task
requirements;

o The trajectories of the tip should form closed curves
instead of a zigzag path for round-trip motion;

In this paper, the pupal-mode actuator is fabricated
using silicone. It incorporates three internal air cham-
bers, whose expansion induces circumferential asym-
metric deformation of the actuator, resulting in lateral
bending. Adhering to the first design criterion, we con-
figured the actuator in a spindle shape with the air
chamber positioned at the upper section, as shown in
fig.1(c). This design provides a thicker bottom support,
ensuring stability during air chamber expansion. To
achieve bidirectional swinging of the actuator, the three
chambers are evenly distributed circumferentially. The
actuator can pivot at various angles through coordinated
expansion of these chambers. The motion trajectory of
the tip can be realized according to the enable sequence

of these chambers, the details of the trajectory control is
explained in the Section 2.C.

During chamber extension, deformation occurs in two
directions, namely axial and radial. To enhance the
actuator’s bending efficiency, it is imperative to con-
strain radial deformation of the chambers. Following the
approach outlined in [17], we introduced a non-elastic
fabric layer into the actuator. The comprehensive design
of the pupal-mode actuator is illustrated in Fig. 1(d). For
the chamber design of the actuator, we drew inspiration
from Wen’s work [18] and described the chamber design
parameters as [K, 3, h], as shown in the Fig. 1(c). The
K represents the ratio of the internal thickness of the
chamber (R;, — R.x) to the external thickness (R— R.p),
which governs the chamber’s placement in the cross-
section; 3 signifies the central angle of the chamber cross-
section; while h denotes the height from the bottom
of chamber to the bottom of actuator. Based on the
quantitative analysis of the chamber parameters in [18],
the chamber parameters of the actuator in this paper are
designed as: K = 1.5, 8 = 90°, h = 10mm. The finalized
actuator is shown in Fig. 1(d).

B. Fabrication

Fabricating the pupal-mode actuator posed a challenge
due to the intricate internal chamber geometry, making
it challenging to remove the inner mold during casting. In
our study, we adopted the Lost-wax casting method, as
illustrated in Fig. 2. Initially, we 3D printed the mold for
the wax inner model and poured wax to create the inner
wax mold, as depicted in Fig. 2(a, b, ¢); Subsequently, we
affixed the inner model with the outer mold and poured
silicone rubber (Dragon Skin 30, Smooth-On Inc.) into
the model, as shown in Fig. 2(d, e); Once the silicone
rubber had cured, the outer mold was removed, and a
fabric layer was applied to the actuator, and a layer
of silica gel was added for sealing, as shown in Fig.
2(f); Finally, the actuator was heated to melt away the
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Fig. 2. The fabrication process of the pupal-mode actuator.

wax from the actuator, and gas pipes were bonded to
complete the entire production process, as shown in Fig.

2(g,h,i).
C. Characterization of the pupal-mode actuator

Selection of enable sequence

The wriggle motion of the actuator is induced by
the expansion of the internal chambers. Various enable
sequences of the three chambers result in distinct tra-
jectories of the actuator tip. In this study, three enable
sequences were chosen, and the optimal sequence was de-
termined by evaluating the smoothness of the trajectory.
These three enable sequences are defined as follows:

seql, (000, 100,110, 111,011, 001, 000)
seq2, (000, 100, 000, 010, 000, 001, 000)
seq3, (000, 100, 110,010,011,001, 101)

Where, the (XXX) represents the state of the pupal-
mode actuator at a specific moment and each bit cor-
responds to a chamber. In this notation, 0 signifies
unexpanded, while 1 indicates expansion. For example,
(100) implies that the 1st chamber is expanded while the
second and third chambers remain unexpanded. The Fig.
3(a) illustrates the driving process of Seq3.

We established a test platform, as depicted in Fig.
3(b). A industrial camera(H9-10, JIERUWEITONH
Electronic Technology) is used to record the movement
of the actuator. Three drive sequences were tested with
an enabling frequency of 1 Hz and a pressure of 80
Kpa. An industrial camera was utilized to record the
movement of the actuator’s tip. Employing image pro-
cessing techniques, we extracted the tip’s contour in each
frame and computed the phase angle of the current swing
direction. This process is illustrated in Fig. 3(c). All

image processing procedures for the experiments were
conducted using MATLAB R2021a (MathWorks, Natick,
MA, USA).

We employed the standard deviation of the phase ve-
locity to assess the stability of the actuator’s trajectory.
First, we calculated the velocity(v;) of the phase angle
by differentiating the phase angle a with respect to
time, where the ¢ mean current frame. Subsequently, we
computed the standard deviation of the velocity over a
complete driving cycle as 8. The calculation process for
0 is as follows:

S (1)

Where V is the mean value of the phase velocity.
The smaller the Ty value, the more stable the switching
of the actuator. After calculation, the T, of the three
drive sequences are: 3.15 4 3.34, 3.09 £ 2.74,3.11 &+ 2.56.
Therefore, in the subsequent experiments, we choose
Seq3 as the drive order of the actuator.

Characterization of wriggle amplitude

The wriggle amplitude of the pupal-mode actuator is
an important characteristic during crossing. Establishing
a mapping relationship between the actuator’s amplitude
and the control parameters (chamber pressure and se-
quence frequency) serves as the foundation for actuator
control. Due to the intricate shape of the gas chamber,
theoretical derivation of this characterization is complex
and imprecise. In this study, we conducted a series of
calibration experiments to determine the relationship
between the actuator’s wriggle motion and the control
parameters.

Utilizing the aforementioned image measurement plat-
form, we tested the actuator at various pressure and
frequency settings while recording the motion of the
actuator tip. The control parameters for the actuator
were selected as follows: the enable pressure ranged from
20 to 100 Kpa, and the sequence frequency ranged from
0.2 to 4 Hz.

Using the image extraction method, we extracted the
area covered by the actuator tip during one cycle and
calculated the minimum envelope circle of that area. The
radius of this enclosing circle was chosen as the swing
amplitude for that motion cycle. Due to the error of each
motion cycle, we used the average of the swing amplitude
in five cycles as the wriggle amplitude under this control
variable, as shown in Fig. 4(a). The wriggle amplitude
of the actuator’s tip is positively correlated with the
driving air pressure but negatively correlated with the
driving frequency. The mapping of swing amplitude to
pressure and frequency was experimentally determined
and is depicted in Fig. 4(b). In practical applications,
control parameters can be selected based on specific
requirements for wriggle amplitude. We illustrate the
impact of air pressure and frequency on wriggle ampli-
tude, as shown in Fig. 4(c). with the driving air pressure
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remaining constant, the wriggle amplitude gradually de-
creases and levels off as the driving frequency increases.
At the same driving frequency, higher air pressure results
in a greater swing amplitude. However. But, as the
driving frequency increases, the impact of air pressure
on wriggle amplitude gradually diminishes. We attribute
this phenomenon primarily to the observed hysteresis in
chamber expansion and contraction.

III. EXPERIMENT

In order to validate the effectiveness of the pupal-
mode actuator proposed in this paper for NOTES, we
designed an Duodenoscopy robot based on the proposed
pupal-mode actuator. By conducting a task simulation
on a phantom model of the pylorus, we recorded the in-
tervention resistance experienced of different mode, and
evaluated the effectiveness of the actuator’s intervention.

A. Design of a Duodenoscopy robot

In the clinical application of digestive endoscopy [19],
one of the key challenges during the operation is crossing
through the pylorus, especially in cases of pyloric stenosis
and pyloric tumors. In this paper, we presented a novel
duodenal intervention robot which combines a pupal-
mode actuator at the tip to addresses the challenges
associated with pylorus intervention.

The duodenal robot comprises three components: the
pupal mode actuator, the bending segment, and the

endoscope-assisted segment. These components are as-
sembled in series to form a complete robot, with a central
through hole that can accommodate visual components
and operating instruments. In accordance with digestive
endoscopy procedures, the robot needs to possess the
capability to bend and steer in two directions, which is
achieved by adopted a 2-DOFs continuum structure in
this paper. The endoscope-assisted segment is designed
to facilitate the robot’s intervention within the lengthy
intestinal tract. The robot is firmly secured to a linear
guide rail to enable the axial motion. The outer diameter
of the robot is designed to match that of a duodenoscope
at 15 mm. The length of the endoscope-assisted segment
has been simplified to 200mm for the purposes of this
study, focusing primarily on the evaluation of the pupal-
mode actuator. An overview of the complete robot is
provided in Fig. 5.

To establish the robot’s kinematics, we simplified the
pupal-mode actuator as follows: due to the primary
function of the actuator is to enable wriggle motion
rather than precise positioning, the actuator is simplified
as a link in the kinematics.

The description of kinematic of the continuum segment
can be found in [20]. Therefore, in this paper, we will
not provide an extensive description but rather denote
Ry, T,
0 1
only axial extension degrees of freedom, and the corre-

it as: T, = ] The support segment possesses
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sponding homogeneous transformation matrices is:Ts =
trans(z,Ls), the Ly segment the long of the support
segment. The pose transformation matrices of the pupal-
mode actuator can be expressed as: Ty = trans(z, L.).
Summing up, the kinematic expression of the duodenal
robot is obtained by T = T, T;T;.

Based on the proposed duodenal robot and the kine-
matics model, we established a duodenal robot master-
slave intervention experimental platform using a Phan-
tom Omni device (Sensable Inc.). We also made a human
digestive tract pyloric model with Dragon Skin 10, as
shown in Fig. 6(a). The pyloric position of the model
can be modified to simulate different pyloric conditions
such as normal, stenosis and obstruction. By attaching
the model to a six-dimensional force sensor(M3815B,
Sunrise Instruments Inc.), we can measure the resistance
encountered by the phantom during the intervention pro-
cess. Based on the phantom and functional prototype, a
intervention measurement platform has been established,
as shown in Fig. 6(a).

B. Task simulation of the robot in gastrointestinal inter-
ventions

To assess the performance of the pupal-mode actuator
of the Duodenoscopy robot during pyloric interventions,
we conducted comparative evaluations of the robot and
a conventional duodenoscope with the intervention mea-
surement platform. The intervention experiments were
initially conducted in a normal pyloric phantom. Both
the robot and duodenoscope were operated by the same
doctor. The intervention procedure involved traversing
from the stomach through the pyloric segment into
the duodenum, the intervention speed was controlled
by the doctor mirroring clinical practices. During the
experiments, the robot The robot completed intervention
testing in two different modes (wriggle mode and non-
wriggle mode). Each intervention mode was tested five
times and the results are presented in the Fig. 6(d).

The average intervention force of the three interven-
tion modes were as follows: 0.17 +0.015 N, 0.20 4 0.025
N, and 0.2140.086 N. The intervention forces among the

three modes were relatively consistent, and the variations
in intervention force during a single intervention process
were also quite similar, as shown in Fig. 6(d). This was
primarily because the inner diameter of the pyloric region
was slightly larger than the robot and duodenoscope,
causing minimal obstruction during the intervention.
To further validate the intervention capabilities of the
wriggle motion, we also carried out experiments in two
scenarios: pyloric stenosis and pyloric tumor. The pylorus
phantom is wrapped by elastic cords to simulate the
pyloric stenosis cases and affixed a tumor phantom to
simulate the pyloric tumor, as shown in Fig. 6(a). As the
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inner diameter decreased, the intervention forces in three
modes increased to 0.594+0.37 N, 0.73+0.44 N, 0.56+0.15
N, respectively. Notably, the intervention force of the
robot are consistently exceed that of duodenoscope. In
a single intervention process, the force exhibited a peak
before entering the pylorus in all three modes, as shown
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in Fig. 6(e). Importantly, the wriggle motion significantly
reduced the duration of peak resistance experienced. The
reason of the increased force of the robot is the materials
of actuator is soft compared to the rigid tip surface of
the duodenoscope, which results the difficulty of pushing
through the outer elastic cords. In the future, it will be
possible to enhance the robot’s intervention capability
further by partially hardening the front surface of the
actuator.

In the tumor cases, the average intervention forces in
three modes were : 0.544+0.13 N, 0.69+0.34 N, and 0.72+
0.39 N, respectively. Notably, the robot demonstrated
enhanced intervention capabilities when operating in
a wriggle mode. By comparing the resistance in once
operation, The wriggle motion can effectively prevents
sudden spikes in intervention resistance caused by tumor
obstructions. In a clinical context, this approach holds
significance for preventing the rupture of tumors.

IV. CONCLUSION

Inspired by the chrysalis, this paper introduces a novel
pneumatic pupal-mode actuator. The actuator incor-
porates three internal chambers and can replicate the

wriggle motion. We established the relationships between
control parameters (driving sequences, pressures, and
frequencies) with the actuator’s motion. Based on the
pupal-mode actuator, we devised a new duodenal in-
tervention robot and performed task simulation to ana-
lyze the robot’s intervention resistance. The experiments
proved the pupal-mode actuator can reduce the interven-
tion resistance, especially when dealing with intracavity
tumors.The wriggle motion proves highly effective in
reducing peak contact forces, resulting in safer interven-
tions. Overall, the pupal-mode actuator holds significant
promise for applications in robot-assisted NOTES. How-
ever, there is still room for further improvement in the
control model for the wriggle motion and its integration
with current endoscopic technologies. Additionally, aug-
menting the actuator’s interactive sensing to enable more
autonomous intervention will be a valuable avenue for
future research.
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