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A MagsL-HUD Endoscopic System for Magnetic
Compression Anastomosis Surgery in Unstructured
Endoluminal Environment
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Abstract—Magnetic compression anastomosis (MCA) offers a
promising solution for minimally invasive anastomosis surgery.
However, current MCA schemes lack safe, real-time localization,
and guidance for compression magnets, hindering surgeons’ ability
to control the compression magnets effectively in complex, unstruc-
tured endoluminal environments. To address these limitations, this
article introduces the MagsL-HUD endoscopic system, a novel so-
lution that enables multimagnetic six-degree-of-freedom (six-DoF)
localization and head-up display (HUD) guidance within the en-
doscopic view (EV). Specifically, the system integrates a developed
Endo-MagCap device with an orthogonal magnet configuration,
along with a magnetic sensor array, to achieve real-time full-pose
localization. An endoscopic camera model is incorporated for HUD
visualization, enhancing intuitive interaction for surgeons’ better-
informed decisions. Eventually, the effectiveness of the MagsL-
HUD endoscopic system is validated through laboratory experi-
ments and ex vivo animal trials. The system demonstrates six-DoF
tracking accuracy with average errors of 0.0070 m and 0.1437 rad,
and 0.0071 m and 0.1721 rad in the designed trajectory cases
for two compression magnets, respectively. Additionally, ex vivo
porcine tests confirm the system’s feasibility and applicability,
successfully performing a stomach-colon MCA surgery with a
final compression gap of approximately 0.00247 m. Further com-
parative studies demonstrate that the MagsL-HUD method has a
compression success rate of 71.4% versus 42.9% of the non-HUD
approaches in the designed tests. This work represents a significant
step toward the clinical adoption of magnetic-assisted endoscopy
for minimally invasive anastomosis surgeries, holding substantial
practical significance for improving the safety and efficacy of MCA
procedures in complex, unstructured endoluminal environments.
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KEY SYMBOL NOMENCLATURE
Nt Natural numbers without 0.
N Natural numbers.

R* Positive reals.

RI*k Real matrices in size j x k.

Ojxr orllj«x  Zero or identity matrices in size j x k.

SO(3) Special orthogonal group in R3*3.

SE(3) Special Euclidean group in SO(3) x R3.

H Four-space of quaternion.

® Product of two quaternion.

X' Transpose of matrix X.

LogX Operator to map directly the vector space with
X.

|| X or | X2 Operator norm of matrix X.

I X+ Frobenius norm of matrix X.

Note: Unmarked units adhere to international
standard definitions.

I. INTRODUCTION

TABETES is estimated to affect approximately 530 mil-

lion adults worldwide, with a global prevalence of 10.5%
among adults aged 20-79 years based on surveys in [1] and
[2]. Generally, diabetes can be categorized into Type 1 Di-
abetes mellitus (T1DM), Type 2 Diabetes mellitus (T2DM),
and gestational diabetes. Among these, T2DM is known as
adult-onset diabetes or late-onset diabetes mellitus as it oc-
curs in late life, which, notably, accounts for 90%-95% of
people diagnosed [3], [4]. Treatments for T2DM begin with
lifestyle management, followed by pharmacologic treatment
and surgical therapy, if indicated. Common surgical procedures
include: Roux-en-Y gastric bypass [5], sleeve gastrectomy [6],
laparoscopic adjustable gastric banding [7], magnetic-assisted
method—magnetic compression anastomosis (MCA) [8]. Com-
pared to the former therapy methods, MCA, as a promising
advancement, offers a minimally invasive alternative since its
recanalization of disconnected tracts with upsides in minimally
invasive, reduced complications, and precision alignment [9].
Benefiting from these advantages, its application is pervasive
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Fig. 1. Illustration of MCA surgery and anastomosis procedures in a stomach-
intestine case. (a) Conceptual illustration of endoluminal MCA surgery pro-
cedure using flexible endoscopy. Two flexible endoscopes are attached with
compression magnets, which are used to achieve compression in different
endoluminal tracts, e.g., the stomach and intestine, as shown from subfigures
I-II. A successful magnetic compression can be illustrated in subfigure III.
(b) Anastomosis procedure illustration after surgery. From left to right, the
side-to-side compression magnets squeeze tissue for necrosis while a new
transmural anastomosis is formed until these two magnets fall off and are
excreted through the natural cavity.

across digestive tracts (esophageal anastomosis for esophageal
atresia, intestinal, and gastrointestinal for T2DM) [10], biliary-
intestinal anastomosis for benign or severe biliary stricture [11],
and pancreas-intestinal anastomosis [9].

In terms of MCA implementation, in essence, it is conducted
by guiding a pair of magnets to generate attraction force between
either side of the tissues that need to be jointed, as shown in an en-
doluminal MCA case in Fig. 1(a). These two magnets compress
the tissue, leading to necrosis of the fibrotic stricture tissue and
the formation of a new transmural anastomosis [12] as indicated
in Fig. 1(b). Then, the whole device passes through the new
opening and either naturally expelled through the gastrointesti-
nal tract or endoscopically retrieved over time (taking over 18
days based on human trial cases in intestinal anastomosis [13]).
Such a method allows less need for open surgery or tissue injury,
natural healing and fusion of disconnected tracts, and accurate
alignment of the puncture wound ensured by the side-to-side
compression magnets. Nevertheless, these benefits for patients
bring about the challenge that the surgeons need to have a good
command of guiding a pair of magnets via flexible endoscopes
and further placing them on, especially, in vivo either side of
two disconnected endoluminal tracts. Although the endoscopes
can provide an in vivo visualization, the issue of not being
able to see each other’s magnets via endoscopic image burdens
the operations of delivering the compression magnets onto the
target positions, not to mention the intricate maneuver of passing
through these unstructured and narrow endoluminal tracts. As a

result, surgeons have to control the compression magnets based
on their experience or estimation, which leads to prolonged
operative time and low procedural efficiency to some extent,
thereby necessitating feedback via open surgery or invasive
laparoscopic methods that create surgical wound [13], [14].
Compared to open surgery or invasive approaches that provide
feedback, developments in in vivo localization of compression
magnets within unstructured endoluminal tracts offer a superior
pathway to achieve minimally invasive MCA surgery.

Regarding in vivo localization techniques for medical devices,
several clinically established schemes exist, such as magnetic
resonance imaging (MRI) [15], medical ultrasound [16], X-ray
fluoroscopy [17], and so on [18]. Nevertheless, not all the
schemes are available or applicable for specific surgery. As for
the MCA surgery, MRI is clearly infeasible due to the incom-
patibility of compression magnets with high-field environments
(0.2-3.0T). Ultrasound imaging is affected by endoluminal air
artifacts [19], and echogenic interference [20] from metallic
compression magnets, which creates significant acoustic shad-
owing, blocking the ultrasound waves and obscuring views
of the structures. As for X-ray fluoroscopy, while offering a
potential solution for in vivo information feedback, its clinical
utility in MCA surgery is limited by challenges in acquiring
real-time, full-pose data for dual compression magnets. In tech-
nical terms, general X-ray fluoroscopy suffers from inherent
depth ambiguity and lacks out-of-plane rotational data in 2-D
imaging [21]. Although advanced computer vision methods can
estimate single-object poses through preliminary data acqui-
sition and model training [22], their scalability to scenarios
involving multiple objects, such as dual compression magnets,
remains understudied. Additionally, the harmful radiation from
real-time X-ray imaging systems [23], coupled with the need for
surgeons to remain beside the operating table to handle flexible
endoscopes [24], substantially reduces their practicality and ac-
ceptance among surgeons to a degree. Collectively, open surgery
or laparoscopic procedure causes invasive incisions, while fluo-
roscopy involves radiation exposure and cannot directly provide
essential information. These drawbacks reveal a critical gap in
MCA surgery navigation: the need for a nonsurgical wound
(NSW) and radiation-free (RF) method providing real-time in
vivo information.

Building upon this analysis, a consideration is proposed re-
garding whether the intrinsic magnetic field can be leveraged
to acquire localization information (without adding onboard
electronics to the compression magnets), given that compres-
sion magnets are already present within the body during MCA
surgery as magnetic field sources. This approach, referred to as
magnetic localization [25], can be performed to further calculate
in vivo device pose information in real-time, thereby satisfying
surgeons’ requirements of standing by the surgical bed with
no risk of radiation while manipulating the endoscope. In fact,
many profound works have been developed to localize in vivo
magnetic devices using the magnetic localization approach. For
example, magnetic sensors array scheme is proposed to conduct
real-time infra-body localization based on the measurement
of the magnetic field generated by the magnetic devices [25],
[26], [27]. Critically, however, these existing methods primarily
address single-object localization while directly applying these
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methods to MCA surgery is problematic because it involves
two compression magnets moving simultaneously within the
measurement space—a multiple magnets scenario. About the
research in multimagnetic localization, albeit pieces of literature
investigated magnetic localization for multiobjects [28], [29], it
only shows that the magnetic localization results in three-DoF
or five-DoF information calculation. Whereas our scheme aims
to utilize six-DoF information, that is SE(3) information, for
further guiding interaction. Consequently, current research lacks
reliable methods for full-DoF localization of multiple magnets.
This underscores the need for further investigation to meet the
specific demands of MCA surgery.

Beyond overcoming in vivo multimagnetic localization,
effective interfacing remains critical for clinical adoption.
Surgeons require intuitive feedback to leverage device pose
information during procedures. In digestive MCA surgery,
for example, operators manipulate flexible endoscopes while
focusing primarily on the endoscopic monitor, making direct
integration of guidance cues into this visual channel essential
to avoid context switching or distraction. This motivates
that instead of using the other views to showcase the SE(3)
information only, it is more reasonable to render this information
onto the original endoscopic visualization so that the surgeons
can stay informed and focused, minimizing distractions and
providing a seamless experience. A similar concept has been
proposed by researchers, known as head-up display (HUD) [30]
(viewing information with the head positioned “up” and
looking forward), which has been productively applied as an
assistant system in various domains [31], [32]. In recent years,
the integration of HUD or similar technology has expanded
into medical applications, particularly in minimally invasive
surgery [33], [34], [35]. By providing real-time visualization
of critical parameters such as guiding overlays, instrument
positioning, and surgery data, HUD systems offer surgeons
intuitive guidance during complex procedures. However,
integrating HUDs into MCA surgical environments poses
unique challenges that demand specialized frameworks tailored
to surgical workflows. These include compression magnets
location and force estimation, real-time endoscopic image
processing, and seamless hardware-software integration. Given
the current state of research, a significant gap remains in
addressing these clinical needs in endoluminal MCA surgery.

Based on the above discussion, it is concluded: 1) existing in
vivo feedback modalities fail to satisfy the dual imperatives of
NSW and RF operation for endoluminal MCA surgery; 2) while
magnetic localization offers a promising NSW/RF-compatible
approach for magnets’ localization, current implementations
lack reliable full-pose localization for multiple magnets in
MCA surgery case; 3) even with accurate compression magnets’
location and force information, no intuitive guidance interface
exists to translate complex spatial relationships into actionable
feedback within the surgeon’s endoscopic workflow, impeding
clinical adoption. To overcome the aforementioned challenges,
this study introduces the MagsL-HUD endoscopic system
framework designed to enable intuitive MCA surgery in unstruc-
tured endoluminal environments. This innovative approach com-
bines multimagnetic six-DoF localization with an endoscopic

HUD strategy, offering precise spatial guidance and intuitive vi-
sualization tailored to the unique demands of endoluminal MCA
procedures. The key contributions of this research are as follows.

1) To the best of the author’s knowledge, this work is the
first to propose the MagsL-HUD endoscopic system for
MCA surgery in unstructured endoluminal environments.
This framework tackles key challenges, including the
absence of NSW/RF-compatible localization feedback,
limited informational guidance, and the heavy reliance on
the surgeon’s experience.

2) It designed a novel Endo-MagCap as a standard device
with a hold/fire mechanism and presented an optimization-
based multimagnetic six-DoF localization algorithm with
adaptive solution spaces. Together, these methods enable
controllable firing deployment and six-DoF localization
feedback of two compression magnets.

3) It successfully conducted a proof-of-concept test in
porcine ex vivo endoluminal MCA surgery, where the sys-
tem demonstrated its ability to perform a stomach-colon
MCA procedure. These results serve as a reference for
future clinical analyses and translation.

The rest of this article is organized as follows. Section II
presents the systematic framework and development. Section III
details the methodology for implementing multimagnetic six-
DoF localization and endoscopic HUD synchronization. More-
over, quantitative and qualitative experimental validation is pro-
vided in Section IV. Finally, Section V concludes this article.
Up to here, it first provides the notation in Nomenclature for
understanding and rigour of the mathematical methods presented
in this article.

II. CONCEPTUAL FRAMEWORK AND DEVELOPMENT OF
MAGSL-HUD ENDOSCOPIC SYSTEM

In this section, the overall conceptual framework of the
MagsL-HUD endoscopic system is proposed. Besides, a de-
tailed design approach for the proposed Endo-MagCap device is
presented.

A. MagsL-HUD Endoscopic System Framework

The proposed MagsL-HUD endoscopic system framework
is illustrated in Fig. 2, which mainly comprises three parts:
data feedback from the clinical setting, multimagnetic six-DoF
localization and HUD information fusion, and intuitive interface
output.

1) Data Feedback: For the data collection procedure, as indi-
cated in Fig. 2, there are two flexible endoscopes with an Endo-
MagCap device (details seen in Section II-B) and a magnetic
localization system at the hardware layer. First, the endoscopes
are deployed in the same way as the general endoluminal MCA
surgery. Two endoscopes are inserted from orifices to enter
different endoluminal tracts. Then, the EVs are collected for
further imaging fusion. Besides, the self-developed magnetic
localization system is mounted on the surgical bed. In this article,
the multimagnetic localization system is designed based on the
magnetic sensor array approach. The key component of the
multimagnetic localization system is the planar magnetic sensor
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magnets via proposed multimagnetic six-DoF localization algorithm. Two endoscopes are inserted from different orifices to get into complex endoluminal tracts
and deliver the proposed Endo-MagCap device under the guidance of HUD information from magnetic localization and endoscopic images. With the intuitive
interface screening on the HUD monitor, the surgeons handle the endoscope and control the Endo-MagCap device to fire the compression magnets to achieve

complete MCA surgery in unstructured endoluminal environments.

array, distributed as shown in Figs. 2 and 4. When the surgery is
conducted, the magnetic localization system measures the mag-
netic field 9B as defined in (10), generated by the magnets of the
Endo-MagCap device inside the endoluminal environments. The
magnetic field data are collected for the subsequent execution
of the multimagnetic six-DoF localization algorithm.

2) MagsL-HUD Fusion: Mainly in the software layer, the
multimagnetic six-DoF localization algorithm is performed
based on the magnetic field data collected in the first procedure,
which provides the poses of the compression magnets, that is
SE(3) information (P, in position Qyy,, in orientation, details
seen Section I1I-C). Meanwhile, the magnets’ SE(3) information
is treated as one of the inputs for the fusion with the EVs data
collected in the first procedure to offer HUD visualization. The
HUD information is comprised of localization-based informa-
tion guidance, estimated magnetic attraction force referencing,
and compression warnings. All this information is derived based
on the magnets’ SE(3) information and the surgeons’ sugges-
tions, as well as the experience gained during the development
process. Besides, the hardware for this part is mainly a computer.

3) Intuitive Interface Outputs: Intuitive interface output is
designed as the final step of the MagsL-HUD endoscopic system
framework, which is expected to provide both the HUD intuitive
guiding and reference as well as warning, based on the original
EVs. As illustrated in Fig. 2 and more detailed in Fig. 5, two
interface screenings are displayed. The first interface screening
is the multimagnetic six-DoF localization results built in a
simulator environment by using a coordinate axis. In addition,
the HUD information is rendered into the original EVs. The final
rendering images are treated as the second interface screening
to achieve an intuitive visualization of the other compression
magnet and guidance of the Endo-MagCap device. Both inter-
face screenings are outputted on a medical monitor as an HUD
monitor.

It is worth noting that the proposed MagsL-HUD endoscopic
system addresses the significant challenge of localizing in vivo
compression magnets while improving the synergy between the
surgeon and the system. On the one hand, the MagsL-HUD
strategy leverages the inherent magnetic field of the compression
magnets, eliminating the need for additional active onboard de-
vices and ensuring patient safety. Additionally, it fully considers
the surgeon’s operating habits of focusing on EVs’ visualization
and facilitates the seamless integration of magnetic localization
information.

Moreover, it is evident that the implementation of MCA
surgery finally requires successful compression, which requires
a delivery device design with specialized configuration and
functionality for the compression magnets attached to the en-
doscopes. This necessity drives the development of the novel
Endo-MagCap device design, which is discussed in detail in the
following subsection.

B. Endo-MagCap Device Design for Endoluminal MCA

The target here is to develop the Endo-MagCap device with
the configuration for six-DoF localization and the functionality
in the hold/fire mechanism for the compression magnets.

1) Magnets Configuration in Endo-MagCap: In this article,
the designed Endo-MagCap consists of two orthogonal magnets.
As shown in Fig. 3(d), a localization magnet, that is, a magnet
ring, is put on the 3-D printed connector which is designed with
a mounting hole to be inserted into the end of the endoscope.
Besides, the compression magnet is put on the tip of the 3-D-
printed connector. Generally, in MCA surgery, there are two
compression magnets with magnetic dipole moment defined
as m; € R? (4 € N7 takes values in set Ciag = {1,2}). For
each ¢-th compression magnet, there is a localization magnet
with magnetic dipole moment defined as L; € R3. Then, the
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Fig. 3. Conceptual illustration and implementation of the Endo-MagCap
device. (a) Illustration of the Endo-MagCap device mounted onto the tip of
the flexible endoscopes. (b) Illustration of the Endo-MagCap device in the hold
state. (c) Illustration of the Endo-MagCap device in a fire state. (d) Exploded-
view drawing about the mechanical design of the Endo-MagCap device.
(e) Illustration of the 3-D-printed connector design for orthogonal mounting.
(f) Working flow for using the Endo-MagCap (Surgeons pull the shaft to open
the up the cover, firing the magnet).

following constraint holds:

m; - Ll = 0, Vi € (Cmag~ (1)
To ensure orthogonal mounting, as shown in Fig. 3(e), the
3-D-printed connector incorporates two reference surfaces: Ref-
erence Plane 1 aligns the first magnet’s moment with Axis 1
using a locating slot and spring-loaded upper cover to secure it
without rotation; Reference Plane 2, a perpendicular mounting
shaft surface, aligns the second magnet’s moment with Axis 2
via an interference fit. The orthogonality between Axis 1 and
Axis 2 is inherently guaranteed by the monolithic connector
design. Such a design makes sure that the distribution of the
combined magnetic field is not axis-symmetric but anisotropic,
which satisfies the need for six-DoF localization.

2) Compression Magnets Hold/Fire Mechanism: The other
function of the Endo-MagCap device is to deliver the com-
pression magnet as clinical requirements [11]. As illustrated in
Fig. 3(a)—(c), there are 3-D-printed up cover which is connected
to the base (3-D-printed Connector) by using a spring and
steel shaft to allow opening and closing to hold and fire the
compression magnet, respectively. Notably, the holding force is
introduced by bending the spring from the original state to the
preloaded state, as shown in Fig. 3(b). Moreover, a pulling shaft
is attached along the endoscopic shaft to pull the wire that is tied
onto the end of the up cover as indicated in Fig. 3(b) and (d). Per
surgeon feedback, this pulling design is consistent with tradi-
tional fire equipment in endoscopic surgery (e.g., endoscopic

tractor), making it easier to learn and operate. The working
flow illustration of the Endo-MagCap device is indicated in
Fig. 3(f). When the surgeon decides to fire the compression
magnet, they can pull the pulling shaft to open up cover so
that the compression magnet can be released, attaching to the
other magnet on the other endoluminal tracts. More mechanical
analysis can be found in Appendix A.

The Endo-MagCap design is now complete, forming the
foundation for the detailed techniques of multimagnetic six-DoF
localization, which are presented in the following section.

III. MULTIMAGNETIC SiX-DOF LOCALIZATION AND HUD
HARMONIZING SCHEME

This section focuses on the detailed technique discussion on
multimagnetic six-DoF localization using the magnetic sensor
array approach and synchronizing the HUD scheme based on
magnetic localization information.

A. Coordinate Systems Definition and Transformation

As shown in Fig. 4(a), there are m x n magnetic sensors,
which are distributed on the sensor pad with Vm, n € N*t.
For each sensor, the corresponding located frame coordinate is
defined as (") . Besides, the global frame coordinate 9O is
defined at the geometric center on the surface of the magnetic
sensor pad. Based on the above definitions, the transformation
between (™™ O and 90 can be defined as 9T, ,,) € SE(3)
with R, ) € SO(3) and P, ,,) € R? being the rotation ma-
trix and position vector of (m,n) magnetic sensor relative to
90. Next, define the frame coordinate systems ™ O for the i-th
compression magnet with the origin at the geometric center of
the magnet, where i € C,,,44. The transformation between ™: O
and 90 can be defined as 9T, € SE(3) with Ry, € SO(3)
and P,, € R? being the rotation matrix and the position vector
of compression magnets relative to 0.

Moreover, for each compression magnet, there is a local-
ization magnet with frame coordinate ¥ with the origin in
the geometry center of magnet. The known transformation be-
tween (O and ™: O can be defined as ™ Ty, € SE(3) with
MiRy,, € SO(3) and ™ Py,, € R? being the rotation matrix and
the position vector of the localization magnets regarding com-
pression magnets. Especially, ™ Ry,; is designed in a specific
format, that is, the vector m; and L; are orthogonal, as defined
in (1), for the further achievement of six-DoF localization of the
Endo-MagCap devices. Before that, the magnetic model should
be presented as preliminary.

B. Magnetic Modeling for Endo-MagCap Device

The conduction of the multimagnetic six-DoF localization
algorithm is based on the measured magnetic field generated
by the compression and localization magnets. First, as indi-
cated in Fig. 4(a), assume the i-th compression magnet in the
Endo-MagCap is located in position Py, € R3, regarding to
the global frame coordinate Q. Since that in most cases, the
Euclidean distance of P,y,, is bigger than the radius of the
magnets in the Endo-MagCap, the magnetic field in each (m, n)
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and simulation results. (a) Illustration of coordinate systems for magnets in
Endo-MagCap and magnetic sensor pad as well as magnetic sensor and other
parameters. (b) Magnetic field distribution of magnets in Endo-MagCap by
using FEM simulations. (c) Illustration of the sampling points for magnets in
Endo-MagCap. (d) Magnetic field modeling MAE results in axes.

magnetic sensor, generated by the i-th compression magnet can
be approximately modeled as the magnetic dipole model [36]

with respect to P( ) and m; as follows:

12%) (3P(mnz7n)Pm’n)T — ]I3><3)
3

B (Pgl'ivn)’ mz): m; € RB

47THP(mn

(2)
with the following:

P(mn:.,n) _ Pg::,n)/HP(mn:,n) ,P(mn:.,n) _ P(m,n)

— P,

where P, ) are prior known and i is the vacuum perme-
ability constant. By aligning m; with z-axis with axis unit
#=[10 0]", it can be inferred as

m; = |[m;| Rm, & 3)

where ||m;|| is the constant magnetic moment magnitude for
the i-th compression magnet. It is worth mentioning that ||m,||
are the inherent attributes when the configuration and size of
the compression magnets are confirmed by surgeons. Likewise,
the magnetic field generated by the localization magnets can be
represented as

L (sBEBE T )

B (ng“”), LZ-) - L; € R3
dr HP(LT’")
4)
with the following:
Py =Py R P = Py - P

where there exists [P}, 1]7 = , which fur-

ther infers

ITm, [P, 1]"

Then, with the help of (3) and known transformation ™:Ty,,, L;
can be explicitly expressed as
m;
[ |
(m.n)

It can be observed that in magnetic model (4), L; and Py
are dependent on variables Ry,, and Py, respectively and the

Li = [|L]] "Ry, = |Lil| Rm, ™Rye, 2. (6)

other parameters are known. Also, m; and PEZ:’") in (2) are
dependent on variables Ry, and Py, since [[m;|| and P,
are given. Therefore, the combined magnetic field in (m,n)
magnetic sensor can be written as

£ (PG, Ren, ) = B (P m, ) + B (P, L) (7)

which is actually dependent in R,,, and P,,, based on
the derivation in (5) and (6) where P, ,) are known
condition.

In order to assess the modeling accuracy of the combined
magnetic field based on the magnetic dipole models (2) and
(4), the finite element method (FEM) is used to obtain the
simulated magnetic field for the magnets in the Endo-MagCap,
as illustrated in Fig. 4(b). A real-size magnet model like the
magnets configuration in Endo-MagCap is built up in FEM
simulation.! For accuracy evaluation, the mean absolute error
(MAE) as described in [37] is used by

1 N
NZ|OS_65|
s=1

where o, and 6, are the magnetic field componentwise via FEM
method and its corresponding results via (7), respectively. The
sampling space consisted of a cube of size 0.4m. For brevity, it
denotes a grid of size N, =100, excluding points in the near-field
space, defined as cube space with side length as 0.12 m as
shown the inner golden box in Fig. 4(c). Then, the total sampling
number N =973000. Finally, by using (8), the MAE in -, y-,
and z-axes are obtained as 2.0618 x 107 T, 6.2340 x 107 T,
and 1.2729 x 107> T, respectively, as illustrated in Fig. 4(d).
Taking FEM as the reference standard, the modeling accuracy
canreach MAE below 3 x 107> T for each axis in our permanent
magnets case. It is recognized that the final localization accuracy
is influenced not only by modeling errors but also by sensor
noise [38] and algorithm scheme [39]. The overall localization
performance will be evaluated in subsequent experimental vali-
dation. For a detailed analysis of modeling accuracy, refer to the
comprehensive study in [37].

Next, based on the above magnetic field model analysis and
discussion, the localization algorithm is derived in the following
subsection.

MAE = (8)

'FEM model is available as a multimedia attachment with this article.
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C. Multimagnetic Six-DoF Localization With Adaptive
Solution Space

Assume that the magnetic field measured by (m, n) sensor is
M0 € R3. Noting that M(,;,.) is the raw signal data with
respect to inner sensor frame coordinate *O. The known trans-
formation relation between "™ O and * O is given as (™™ T, €
SE(3) which extracts related rotation matrix ™™ R, € SO(3).
Based on this information, the magnetic field VM, ,,) € R3 for
each (m, n) magnetic sensor with respect to 9O can be obtained

by
gM(m,n) = R(m,n) ("%")RS M(’HL,'I‘L)' (9)

With the introduction of (2) and (9), the multimagnetic localiza-
tion method is formulated as an optimization problem. Initially,
using (9), the measured magnetic field at the (m, n) magnetic
sensors can be represented in a compact matrix as

IM,1) IM(1,n)

IB = (10)

gM(m,l) gM(m»n) 3mxn

Besides, based on the combined magnetic model (7), the nominal
magnetic field generated by i-th Endo-MagCap can be con-
structed as

B (P, Rum,)
£ (P Ry, £ (PG, Ry, )

_ : z . an
f(Pﬁfﬁ’l) R ) f(PS{{j”” R )

Subsequently, it is observed that when calculating the six-DoF
information for the 7-th Endo-MagCap, the variables Ry, are
defined on the SO(3) manifold. To simplify the optimization cal-
culation, this article introduces a transformation from SO(3) to
H, reducing the number of variables in the optimization function.
First, define the solution variables for the i-th Endo-MagCap as

x.= [P, Qh] R

where Qum, = [qw ¢z ¢y ¢-]" € H with the normalized condi-
tion g7, + g3 + q; + ¢ = 1. Then, the nominal magnetic field
(11) can be represented as B(Py,,, Qm,) together with the
following definition [40]:

R,
2 (qu,z + quy)
2(Qy‘]z_Qw(Iz)

1-2(¢2+¢q2)
(12)

Using the definitions in (10) and (11), along with the conversion
in (12), the optimization function for the magnetic localization

1-2(¢2 4+ ¢2)  2(qey—quwq=)
=12 (QEQy +QwQZ) 1- 2(‘]3 + QE)
2 (QQJQZ _Qwa) 2 (quZ + QwQZ)

Algorithm 1: Six-DoF Localization

Algorithm.

Multimagnetic

Input: Magnetic field data 9B;
Output: Py,, and Qy,, for i-th Endo-MagCap;
initialize £ = 0, P, 0 = Pm,,int and
Qmi,O = Qmi,int;
initialize solution spaces Spmi = Swork, SQmi =Q
and parameters cj, co, and cs;
initialize steps length K € N*;
while steps k < K do
Update 9B via (10) based on (9);
Construct B (P, Qm,) via (11) based on (7)
and (12);
Compute Py, 1, and Qm, » by solving
optimization function (14) with the solution spaces
Sp,,, and Sq,, ;
Compute V; ;, and w; j via (16);
if ||V, x|l <V then
Compute Sp,,, , based on (17);

Update Sp,,, — SPo, x M Sworks
else

| Update Sp,, <= Swork;
if [|wm, k|| < @ then

Compute Sq,, , based on (18);

Update Sq,,, < SQu,
else

L Update SQmi «— H;
Publish Py, » and Qm, » and let k = k + 1;

algorithm can be formulated as follows:

f(Pm,;Qm,) = ["B= Y B(Pm,;,Qm,) (13)
i€Crnayg P
which can further infer x; by solving
X; = arg min f(Pm,, Qm,)- (14)

| 6]R3,Qmi cH

In a practical implementation of (14), it is observed that the
conditions Py,, € R? and Q,y,, € H result in an ample solution
space, which compromises both robustness and computational
efficiency. To address this issue, this article proposes an adaptive
solution space method to improve the efficiency of multimag-
netic six-DoF localization. The approach begins by defining a
workspace as

Swork:{PER?”Eij?} (]5)
where P, P € R? are the lower and upper bounds, respectively.
For elapsed time At(k) € RT from t(k — 1) to ¢(k) moment,
k € N, the velocities for i-th Endo-MagCap can be defined as

{Vi,k: Pm;k — Pm, k1] /AL(k)

(16)
Wm; k= 29k/Af(k') u
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with the following:

.
5 1) 5
0 = 2arccos (0qr1),u = [ Ok,2 0dk3 qk’4]
\/5‘11%,2 + 5‘113,3 + 5(11%,4

S = [0k 0qk.2 6qk3 0qk.a] = Qum,k ® Quy 4

where V, , € R3 and Wm, k € R3 are position and angular
velocities regarding to solution x} = (P, 1, Qm, &) at k mo-
ment. Then, set the adaptive solution space as the box form

Spmi,k:{P €R3| Pk —Peyig P <P, +Peyin}

(17)
with the following:
Peir= crelVirl Uik, Peyik = coellVirl Uik
v = [eVirD) eVin() eVivk(?’)}T €R3

where ¢; and ¢y € RT are known parameters to restrict the
solution space for the position. The solution space is determined
by the term ||V ;|| which makes the solution space adaptive
with respect to position velocities. Moreover, the introduction of
parameters ¢y, and ¢ bring the benefits that when ||V ;|| — 0,
P. — c1 1341 and P, — c2 [3.1, which makes sure that the
solution space does not collapse to the null space. Likewise, the
constraint solution space on the Q,, is defined by
SQu. » ={Q €H| Q= (dqx)" ® Qm, 1,7 € [~c3,¢3]}
(18)
where c3 € R is known parameter. Then, based on the intro-
duction of (16) and the definition in (15), (17), and (18), the
adaptive solution space method can be constructed as

Sp,..
Spmv = Pmik
‘ Swork7
Svak7
Sq,. = -
Qmi {H’

where V € Rt andw € R are the threshold position and angu-
lar velocities, respectively. These two parameters are introduced
to avoid motion mutation cases, which means that when the
velocities exceed the threshold value, the solution spaces Sp,
and SQ for each calculation step will be released to Sy, o1 and
H, severally Otherwise, the solution spaces are set as real-time
updated solution space via (17) and (18). Eventually, under the
introduction of (19) and (20) as well as (14), the multimagnetic
six-DoF localization algorithm with adaptive solution space can
be formed as follows.

Multimagnetic Six-DoF Localization Algorithm With Adap-
tive Solution Space: With the real-time updated magnetic field
data matrix 9B via (10) from the magnetic localization system in
k moment and the construction of nominal magnetic field matrix
B(Pum, &, Qm, &) via (11) and (12) by substituting conditions
(3) and (6) into (2) and (4) under the magnetic dipole model
assumption, the solution x} = (P, 1, Qm, &) for i-th Endo-
MagCap can be obtained by solving the following optimization

N Swork, if ||V,

otherwise

(19)

i, ] < @
. (20)
otherwise

(a) | Distance and Force | Magnetic Localization

Fig. 5. Conceptual illustration of HUD integration into endoscopes and HUD
information display. (a) Coordinate system definition for endoscope and HUD
information indication in EVs. (b) HUD interface screening about the estimated
distance and force as well as axial position in ¢@™i Py, .. (c) HUD interface
screening about moving direction guiding. (d) HUD interface screening about
compression warning information and its enlarged diagram.

function:

X;( = arg min f(Pmi,kv Qm17k)
s.t. Pmi,k S SPml ) Qmwk € SQmi , (19), (20)

m, in SE(3) form based on

(2]

where x7 can be rewritten as 9T
conversion (12).

To provide a clearer understanding of the proposed multi-
magnetic six-DoF localization algorithm, the iteration process
is detailed in Algorithm 1. At this stage, by solving the pro-
posed multimagnetic six-DoF localization algorithm, the 9Ty,
information can be further obtained. 9Ty, is displayed on the
first interface screening by using the coordinate axis and also
serves as one of the inputs for the subsequent HUD harmonizing
process.

D. HUD Guiding for Intuitive Endoscopic Visualization

To synchronize HUD guiding information for intuitive endo-
scopic visualization, the first step is to integrate the magnetic
localization result 9Ty, into the EVs. Additionally, magnetic
attraction force information, estimated based on 9Ty, and the
magnetic force model, can also be rendered into the EVs as a
reference for surgeons. Furthermore, warning indicators can be
generated based on the magnetic localization and attraction force
information, providing real-time guidance and alerts.

1) Magnetic Localization Information Guiding: As illus-
trated in Fig. 5(a), define the endoscopic camera coordinate sys-
tem in the i-th Endo-MagCap as @™ . With the feedback from
surgeons, the field of view of most of the endoscopes is less than
180°. Hence, the pinhole camera model is utilized in this article.
First, define I; = [ u; v; ]T € R? as the compression magnet
pixel information for the endoscope with i-th Endo-MagCap.



SUN et al.: MAGSL-HUD ENDOSCOPIC SYSTEM FOR MAGNETIC COMPRESSION ANASTOMOSIS SURGERY . ] ]
IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2026, Vienna, Austria. Cite as T-RO paper.

NDI Optical @ ®

Tracker System

Optical Marker
Coordinate

—1
Endo-

MagCap

Magnets |

Robotic Arm 1

Fig. 6.

ER] 483

Optical Marker
Coordinate

Endo-MagCap i
Magnets

ATI Nanol7 F/T
Sensor

NDI Optical Tracker System ‘

Setups for the preliminary and multimagnetic six-DoF localization and magnetic attraction force experiments. (a) Multimagnetic six-DoF localization

experimental setup. Two robotic arms hold Endo-MagCap and optical marker coordinates to move in the measurement space of both the lower magnetic localization
system and the upper NDI optical tracker system. (b) Illustration of the magnetic localization system. I: Magnetic sensor pad; II: Self-developed magnetic field
collection module based on STM32 MCU; III: Magnetic sensor based on Melexis MLX90393. (c) Setup for magnetic attraction force experiments. Endo-MagCap
1 is fixed on ATI Nano17 Titanium F/T sensor while Endo-MagCap 2 moves in the space around Endo-MagCap 1. Both Endo-MagCap are attached with optical
marker coordinates, which move in the measurement space of the NDI optical tracker system in the side.

Then, the pinhole camera model in [41] is recalled as

s[1 1) =K @™ R, =mp, [P, 1]
(22)

where s; € R is the scale factor and “*™ Ry,; € SO(3) and

APy, € IR3 are the orientation matrix and translation veeter

in @™ Ty, - € SE(3), which can be inferred by

J

cam; p
m;

cam;
cam; _ ij 5

mi ©1><3 1

= (miTcami)il (ngi)71 ngj (23)

where the known transformation ™ Tcam, € SE(3) between
cami@ and ™:O shows that there is a rigid connection be-
tween the endoscope camera and the Endo-MagCap as indicated
in Fig. 3. Noting that “*™ Ty, ; present the transformation rela-
tion from the frame coordinate of endoscopic camera “*™:O to
the j compression magnet frame coordinate ™7 O, as shown in
Fig. 5(a). Besides, K; in (22) is the camera intrinsic matrix with
the following definition:

fm,i 0 Cm,i
K, = 0 fy,i Cyil| € R3X3
0 0 1

where ( fz; fyi )and( cg; ¢y, )arethe focal lengths and
the principal points, respectively, for the endoscopic camera with
the i-th compression magnet. Based on the calculation of (23),
the compression magnet pixel information I; for the EVs can
be obtained via (22), which is marked as an unit-length arrow
guiding in EVs as shown in Fig. 5(c). Additionally, “*™ P, is
also significant information, which is shown in axial component
x, y, and z as indicated in Fig. 5(b).

Moreover, the other significant information, the estimated
distance between these two compression magnets in Endo-
MagCap, can be acquired by using the magnetic localization
results, which can be defined as the following:

dist (Pml ) Pm2) = HPml - Pm2 ”2 (24)

where dist(Pp,, , Pm,) € RT is the Euclidean distance between
two compression magnets. This information can be indicated on
EVs for surgeons, as illustrated in Fig. 5(b). Furthermore, the
thickness of the unit-length arrow guiding in EVs is designed
to vary based on dist(P,,, Pm, ). When, dist(Pm,,, Py, ) in-
creases, the thickness is larger for warning referencing, which
can be seen in Figs. 5(b) and 11(a).

2) Estimated Magnetic Attraction Force Referencing: As-
suming that the magnetic field of the compression magnet can
be modeled using the dipole model (2), and that the magnetic
wrench from the localization magnets can be neglected due
to their customized placement at a greater distance from the
compression magnet (compared to the minimal compression
distance), the magnetic attraction force F(m; j, Pp,,,) € R?
can be approximately expressed as

310 {(pT ) ("T
~—— (Pl m;)m;+ (P]
[ 7 LT

><mi>mj + [miij ) (PL] mi) (f’rTn7 mj)} pmij}
(25)

F (mi’jv Pmij)

with the following:

Pm; = Pm; = Pm,, sz‘j =P,/ Hsz‘j

where Pp,,; € R? is the relative location of the compression
magnets. Based on (25), the estimated norm magnetic attraction
force

force (m; j,Pm,,) = ||F (mi;, Pm,,)||, (26)

between two compression magnets can be obtained and rendered
in EVs as referencing information as shown in Fig. 5(b).

3) Compression Warning Information: Based on the above
Euclidean distance (24) and magnetic attraction force (25),
the warning indication can be displayed on the EV when the
following conditions are satisfied:

dist (Pp, , Pr, ) < dist, or force (m; ;, Py, ) > f
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Fig. 7. Illustrations of multimagnetic six-DoF localization for two Endo-MagCaps (Mag-1 and Mag-2) and localization results. (a) Illustration of the movement

process of two Endo-MagCaps by a robotic arm in different frames from 00:02 to

00:28. (b) 3-D ground-truth trajectory and localization trajectory illustration and

relative legends. (c) Results of the estimated Euclidean distance and norm of magnetic attraction force between two Endo-MagCaps during the test based on (25).

(d) Localization results for the Mag-2 in position Py, = [P, P, P.]T

and orientation Qum,
error results. (e) Localization results for the Mag-1 in position Pry,, = [Py Py PZ]T and orientation Qm, = [qw 9z dy a4z

= [quw qz qy qz]T and ground-truth reference, and the respective
]" and ground-truth reference, and

the respective error results. More details refer to Video 1 in the Supplementary Video.

TABLE I
LOCALIZATION ERRORS AND ESTIMATED DISTANCE AND FORCE

o R Min dist case
distruth distyagsL forcentodel forcenmagsr
Test I-1 ﬁag’é 12 00662 0.0694 00464 0.0381
Test 1-2 ﬁag e o230 00656 00745 00485 00285
Test 13 ﬁzg 00 1300 00663 00756 00459 0.0266
Averageﬁgg:; g:gg;‘l’ g:i‘;;z 0.0660  0.0732  0.0469  0.0311

where dist and f € Rt are the threshold distance and force,
respectively. When one of these conditions is triggered, the
warning indication can be presented as shown in Fig. 5(d). Here
ends the HUD guiding scheme design for EVs in endoluminal
MCA.

IV. EXPERIMENTS

This section details the experiments conducted to validate the
feasibility of the multimagnetic six-DoF localization algorithm
and to quantify its accuracy. Furthermore, the effectiveness of
the proposed MagsL-HUD endoscopic system is demonstrated
through porcine ex vivo experimental designs.

A. Preliminary Laboratory Experiment

This section introduces the laboratory experiment setup for
quantitative tests and preliminary work for the endoscopic
visualization.

1) Magnetic Localization and Force Tests’ Setup: As shown
in Fig. 6(a), the quantitative localization test is conducted by
setting up the platform consisting of a magnetic localization
system, an optical tracker system, and robotic arms. Precisely,
on the bottom of the rack, the developed magnetic localization
system consists of 72 three-axis magnetic sensors (Melexis
MLX90393 in Fig. 6(b-III), arranged in a 7 x 6 grid with
60 mm spacing and an inner 6 x 5 grid with 60 mm spacing as
indicated in Fig. 6(b-I) (two grids are cross mounted with 30 mm
gaps). Besides, a magnetic field collection module is designed
based on an STM32F103 MCU to collect magnetic field data
of all 72 three-axis magnetic sensors via IIC communication,
as indicated in Figs. 6(b-1I) and 9(b). Moreover, on the top
of the rack, an optical tracker system (NDI Polaris Vega XT,
accuracy: 0.15 mm) is deployed to measure the optical marker
coordinate, which is attached to the Endo-MagCap magnets
with a confirmed transformation relation. These magnets are
cylinders for compression magnet with $20 x 4 mm and ring
for localization magnet with inner ¢16 mm and outer ¢23 mm
and a thickness of 10 mm (NdFeB with N52 grade). Furthermore,
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Tllustrations of the magnetic attraction force test and results. (a) Illustrations of the movement process of Endo-MagCap regarding the static Endo-MagCap

fixed onto the force/torque sensor. (b) Measured ground-truth force and the results from (25) in x axis. (¢) Measured ground-truth force and the results from (25) in
y axis. (d) Measured ground-truth force and the results from (25) in z axis. (e) Results of the measured ground-truth Euclidean distance and force error ex between
the measured and that from (25). (f) Measured ground-truth norm force and the norm force results from (25). More details refer to Video 2 in the Supplementary

Video.

aside from the rack, there are two robotic arms holding the
optical marker coordinate and Endo-MagCap magnets to move
in the desired trajectory, as indicated in Figs. 6(a) and 7(a).

Additionally, as illustrated in Fig. 6(c), the quantitative force
test is performed on a setup consisting of a force/torque sensor
(ATI Nano17 Titanium, sensing ranges 8 N in z, y axis and 14.1
N in z- axis with resolutions 1/682 N for z, y, z axes) and an
optical tracker system as previously mentioned. Specifically, a
3-D-printed holder is designed to hold the force/torque sensor,
on top of which is fixed a static Endo-MagCap 1 and an optical
marker coordinate with a confirmed transformation. Besides, the
Endo-MagCap 2 is mounted on a holder with an optical marker
coordinate to move in different poses with respect to the static
Endo-MagCap 1.

2) Evaluation Definitions: The optical tracking information
for the ¢+ compression magnet is regarded as the ground-truth
G;(k) € SE(3) in sampling time k € {1,2,...,T}, which is
used to compare with the magnetic localization results obtained
via the developed system and algorithm. Notably, the informa-
tion G; (k) obtained via the optical tracker system is respective
to itself coordinate system. Therefore, the necessary calibration
process should be performed to calculate the transformation
9T optical between the optical tracker system and the global frame
coordinate YO. Then the ground-truth with respect to 9O can be
formed as

Ra (ki) ta(k, i)

IG,(k) =9 TopticalGi(k) :[ O1x3 1

} . @27
Based on the measured (P, 1, Qm, %) and the results in (27),
the mean position and orientation accuracy can be evaluated,
respectively, by

i) = };exk,w,m(i) - ;Xk:GR(k’i) (3)

with  eg(k,i) = |tg(k,7) —Pm, x|l and  er(k,i) =
[Log(Rg(k, )Ry, 1)ll2, where Rum,r is calculated by
transforming Qm,;,lk via method in (12). Additionally,
the measured force information is regarded as Frygx) =

[F—truth (k) Fy—truth (k) Fztrum (k)] T € R? and the norm and
mean force error can be defined, respectively, as

1
e (K) = Frun (k) —F (mi j, Pm,, )ll2, &7 = 75 ) _er(k).

(29)
3) Endoscopes’ Camera Calibration: The implementation
of HUD guiding information is based on model (22), which
requires the camera intrinsic matrix K. Based on the procedure
and analysis in Appendix B, the parameters for K; for endo-
scopic systems are obtained and listed in Table V, where K4
and Ko are the camera intrinsic matrices for the gastroscope
and colonoscope, respectively, which further contribute to the
ex vivo endoluminal MCA experiments.

B. Magnetic Localization Quantitative Experiment

In this section, the laboratory experiment is first carried out
to quantitatively evaluate the accuracy of the developed local-
ization system and algorithm.

Based on the experimental setup described in Section IV-A,
quantitative magnetic localization experiments are conducted
using robotic arm 1 and robotic arm 2 to move Endo-MagCap
1 and Endo-MagCap 2 along circular and “8” type trajectories,
respectively, as illustrated in Fig. 7(a). Meanwhile, the developed
magnetic field collection module records the magnetic field data
and transmits it to the computer, where the proposed Algorithm 1
is executed. Simultaneously, the optical tracking system captures
the ground-truth positions and orientations of Endo-MagCap 1
and 2 for validation.

The experimental results are illustrated in Fig. 7(b) and
(d)—(e), which indicate the detailed position data Py, (k) and
orientation data Quy, (k) in quaternion in sampling time as
well as corresponding ground-truth data 9 G, (k). Moreover, the
errors in position ey and orientation er are calculated based
on (28) and the results are showcased in Fig. 7(d) and (e).
For such two Endo-MagCaps localization cases, as listed in
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Fig. 9.  Setup for the porcine ex vivo trials and overall hardware architecture.

(a) MagsL-HUD endoscopic system illustration in a hybrid surgery operation
room for the porcine ex vivo trial to conduct endoluminal MCA surgery.
(b) Overall hardware architecture illustration for the MagsL-HUD endoscopic
system regarding the setup in hybrid surgery operation room.

Fig. 10.  Setup for the porcine ex vivo tissue preparation. (a) Illustration of the
porcine ex vivo digestive system in ex vivo tissue box, in which the stomach, the
large intestine and other tissues can be seen. (b) Illustration of the ex vivo tissue
box setup onto the magnetic sensor pad and the utilization of Guardus Overtube
on two sides.

Table I, results indicate that the average mean position and ori-
entation accuracy in Endo-MagCap Mag-1 are &¢(1) =0.0070
m and eg (1) =0.1437 rad, respectively, for circular trajectory,
and that of Endo-MagCap Mag-2 are &;(2) =0.0071 m and
er(2) =0.1721 rad, respectively, for “8” type trajectory.

In addition, the estimated Euclidean distance and magnetic
attraction force between the two Endo-MagCap (using ™: O as
the coordinate frame for Endo-MagCap, since the position of
compression magnets is critical in endoluminal MCA surgery)
are calculated via (24) and (25), respectively. As illustrated in
Fig. 7(b), the results demonstrate that the proposed estimated
Euclidean distance closely aligns with the ground-truth Eu-
clidean distance, represented by the black-dashed line in
Fig. 7(c), which is obtained by substituting t; (k, 1) and t ¢ (k, 2)
into (24).

Notably, as indicated in Table I, in the minimal dist case in
Test I-2, the estimated Euclidean distance distyjags. = 0.0745 m,
compared to the ground-truth value of distpgm = 0.0656 m,

TABLE II
FORCE TESTS ERRORS AND AVERAGE VALUE

Test 11-1
er | 0.0412

Test II-2 Test 1I-3
0.0215 0.0254

Test II-4  Test I1I-5
0.0581 0.0197

Average
0.0332

resulting in an error ey of 0.0089 m. Similarly, the estimated
magnetic attraction force (black-dotted line) forceyodel via (25)
based on the ground-truth distance data, and that based on mag-
netic localization Euclidean distance is shown in Fig. 7(c). Atthe
minimal distance in Test I-2, the estimated magnetic attraction
force is 0.0285 N, while the magnetic attraction force value
based on ground-truth distance is 0.0485 N, resulting in a force
error of 0.0200 N. These results indicate that the proposed local-
ization system and multimagnetic six-DoF localization method
can achieve reliable six-DoF tracking for two Endo-MagCaps,
even in close-proximity scenarios.

C. Estimated Magnetic Attraction Force Experiment

In this section, the laboratory experiment is performed to test
the magnetic attraction force accuracy of model (25).

The experimental setup is described in Section IV-A. The
movable Endo-MagCap moves in different positions and orien-
tations while the force/torque sensor and optical tracker sys-
tem record the ground-truth force Fr, and poses data G,
respectively. Then, using G;, the transformation between static
Endo-MagCap and movable Endo-MagCap can be obtained by

statichOV —_ G’IlGQ _ |: g'mov trr]1-0V :| c SE(?))
1x3
Let m; = [[m;|| 2, m; = [[m;| Rmoy & and Ppy,; = timey in

(25). Finally, the real-time measured Fr, and the calculated
F(m; j, Pn,,) are illustrated in Fig. 8(b)—~(d) in each axis, and
the norm force results are indicated in Fig. 8(f). Based on (29),
the mean force error ex is 0.0412 N in Test II-1. Besides, more
tests are conducted and the mean force errors are listed in Table I1
for reference, which indicates an average mean force error of
0.0332 N.

Moreover, the results of the measured ground-truth Euclidean
distance and force error er between the measured and that
of (25) are illustrated in Fig. 8(e). It is found that the force
error increases while these two Endo-MagCaps move closer
(highlighted in light-cyan regions) since the assumption in the
magnetic dipole model [36]. In all, it is concluded that (25) is
a solution for the compression warning force reference for the
designed Endo-MagCap, with an average mean error of 0.0332 N
based on these tests.

D. Endoluminal MCA Surgery Verification in Ex Vivo Trials

In this section, trials are conducted using porcine ex vivo
digestive systems to demonstrate the feasibility and advantages
of the MagsL.-HUD endoscopic system for endoluminal MCA
surgery.

1) Ex Vivo Experimental Setup in Hybrid Surgery Operation
Room: As shown in Fig. 9(a), the experimental setup comprises
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Illustrations of performing porcine ex vivo MCA surgery using the MagsL-HUD endoscopic system and the results. (a) Illustrations of conducting

porcine ex vivo MCA surgery in different steps and the intuitive HUD display. (b) 3-D movement trajectory for two compression magnets in Endo-MagCap.
(c) Projections of 3-D movement trajectory for two compression magnets in zz plane. (d) Projections of 3-D movement trajectory for two compression magnets
in zy plane. (e) Displacements in x-, y-, and z-axes of compression magnet 1 (Mag-1). (f) Displacements in z, y and z axis of compression magnet 2 (Mag-2).
(g) Estimated Euclidean distance between these two compression magnets in Endo-MagCap. (h) Estimated norm of magnetic attraction force between these two
compression magnets in Endo-MagCap. More details, refer to Video 3 in the Supplementary Video.

TABLE III
KEY PARAMETER IN ENDOLUMINAL MCA

dist force
In switch moment 0.02265 m 2.3666 N
. . CF = 25.1072 N
* ~
Final static case ~ 0.00726 m ~ 25 N (FEM)

*: Results from X-Ray imaging using 3D Slicer.

one colonoscope (HD-350, SonoScape Medical) and one gastro-
scope (GIF-EZ1500, Olympus) which are equipped with Endo-
MagCap as illustrated in Fig. 3(f). Besides, there is an LCD mon-
itor (OEV321UH 4K Ultra High-Definition, Olympus) which is
treated as an HUD monitor for intuitive interface screenings.
Moreover, an ex vivo tissue box (0.3 m in width, 0.42 m in
length, 0.25 m in height) holds the porcine ex vivo tissue which
is mounted above the developed localization system as indicated
in Figs. 9(a) and 10(b). More details about the porcine ex vivo
digestive system are shown in Fig. 10, in which the stomach
and intestines are set up in as real positions as possible. For
subsequent surgery operations, orifices in the stomach and large
intestine are connected to Guardus Overtube (STERIS) for better
endoscope insertion, as indicated in Fig. 10(b).

Moreover, the overall hardware and communication archi-
tecture is illustrated in Fig. 9(b). The proposed multimagnetic
localization six-DoF algorithm and HUD synchronization are
executed on a computer (implemented in C++ and demonstrated
in MATLAB, running on a 2.90 GHz Core i7-10700 CPU with
an Ubuntu 20.04 operating system). Specifically, the computer

receives magnetic field data 9B via the magnetic field collection
module using USB-UART communication and captures endo-
scopic images through USB-SDI communication via the SDI
capture card. Finally, the computer transmits the intuitive EVs
to the HUD monitor via HDMI output.

2) Porcine Ex Vivo Trials: As illustrated in Fig. 11(a), two
surgeons are performing endoluminal MCA surgery on a porcine
ex vivo digestive system using the proposed MagsL-HUD en-
doscopic system. The experimental procedure is primarily con-
ducted as follows.

Step 1: Surgeons insert the endoscopes equipped with the
Endo-MagCap through the Guardus Overtube. The
endoscopes are advanced into the unstructured en-
doluminal environment, as illustrated in Fig. 11(a-I).
During this process, surgeons can use water or air jets
to clean the endoscope and inflate the duct as needed.

The MagsL-HUD endoscopic system is activated,
providing real-time magnetic localization informa-
tion and guiding references on the HUD monitor.
Guided by the HUD display, surgeons maneuver the
endoscopes to advance and align the compression
magnets for closer proximity.

Based on the surgeons’ manoeuvres, compression
warning indicators appear on top of the intuitive
endoscopic images, as shown in Fig. 11(a-II). Ad-
ditionally, the real-time Euclidean distance and mag-
netic attraction force between the two compression
magnets are displayed as references.

Step 2:

Step 3:
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Fig. 12.

Setup for 3-D X-ray image scanning and results using 3-D Slicer, as well as repeated comparative trial results. (a) Illustration of using C-Arm X-ray

system to scan the porcine ex vivo tissue box after the endoluminal MCA surgery. (b) Surgeons perform an external inspection of the compression area after the
endoluminal MCA surgery and 3-D X-ray image scanning. (c) Detailed view of the final complete compression results inside the porcine ex vivo tissue from three
different perspectives (More details refer to the Video 4 in the Supplementary Video). (d) Illustration of a color-segmentation image, in which the compression
magnets can be recognized. (e) Measurement results of geometric distance and gap distance between two compression magnets inside the porcine ex vivo tissue
using the Measurement Tool in 3-D Slicer and compression force results based on FEM and a fitted polynomial model based on tests. (f) Results of operative time
and success compression rate in repeated comparative trials of the MagsL-HUD versus only the MagsL methods.

Step 4:  When the Euclidean distance between the compres-
sion magnets is reduced to approximately 0.035 m
or less, surgeons use the pulling shaft to deploy the
compression magnets.

After deployment, surgeons retract the endoscopes
to examine the compression results at each site of the
duct, as illustrated in Fig. 11(a-V). Once the mag-
netic compression is confirmed, the endoscopes are
fully withdrawn, completing the endoluminal MCA
surgery on the porcine ex vivo digestive system.

Based on the above steps, it can be observed that at the mo-
ment 04:50, as shown in Fig. 11(a-II), the compression warning
information is exhibited. Then, by controlling the endoscopes,
surgeons guide the compression magnets closer together as the
estimated Euclidean distance decreases, which is indicated in
Fig. 11(g). When the distance is < 0.035m, the up cover of
Endo-MagCap is opened by surgeons as shown in Fig. 11(a-III)
and (a-IV). The 3-D movement trajectory and displacements in
the axis of compression magnets are illustrated in Fig. 11(b) and
(e)—(f), respectively. For a better understanding, the Euclidean
distance and magnetic attraction force between these two com-
pression are indicated in Fig. 11(g) and (h), and the projections
of 3-D movement trajectory in xz and xy planes are shown in
Fig. 11(c) and (d), respectively. From these two planes, it can
be found that two compression magnets move to get close at the
end of the trajectory under surgeons’ operations.

Besides, more clearly in Fig. 11(g) and (h), the Euclidean
distance declines with fluctuation under the surgeons’ handling
with HUD information guiding. Through the comparison of time
nodes, it has been divided into the last two states: compres-
sion warning and complete compression states, as illustrated in
light-pink and light-cyan regions. It can be found that at the
compression moment, the switch moment between two states,
the Euclidean distance is 0.02265 m, and the magnetic attraction
force is 2.3666 N.

In order to verify the successful magnetic compression result,
a C-Arm X-ray system (Siemens Artis Zeego C-Arm X-ray,

Step 5:

SIEMENS, Germany) is utilized to capture 3-D X-ray images
of the porcine ex vivo tissue inside the box, as illustrated
in Fig. 12(a). Moreover, by processing 3-D X-ray images in
3-D Slicer software [42], the magnetic compression result can
be clearly observed, as shown in Fig. 12(c), in which it offers
a detailed view of the final complete compression results inside
the porcine ex vivo tissue from three different perspectives.
In order to have a clear visualization of the final compression
result, the color-segmentation and bone images are indicated
in Fig. 12(d) and (e). From these two figures, the compression
magnets can be clearly recognized as being in a successful
compression state. Moreover, by using the Measurement Tool
in 3-D Slicer as indicated in Fig. 12(e), the final Euclidean
distance between these two compression magnets is 0.00726 m
approximately, and the gap between these two compression
magnets is about 0.00247 m. As shown in Fig 12(e), based
on these data, the final compression force is 25 N approxi-
mately by using FEM simulations and 25.1072 N from a fitted
model based on tests in Section IV-E. All key parameters can
be found in Table III. Furthermore, an external inspection of
the compression area after the endoluminal MCA surgery and
3-D X-ray image scanning confirms a successful stomach-colon
MCA, as shown in Fig. 12(b). These results demonstrate that
this finally achieves a successful stomach-colon MCA case in
unstructured digestive tracts using the MagsL-HUD endoscopic
system. Furthermore, repeated comparative trials are conducted
in a similar model setup. Seven trials are performed using the
MagsL-HUD method, and seven control trials employed MagsL
feedback alone. Quantitative analysis revealed that MagsL-HUD
achieved shorter mean operative time (5.15 min versus 6.02 min)
and higher compression success rate (71.4% versus 42.9%) com-
pared to the MagsL method, as shown in Fig. 12(f). Observations
identify distinct failure modes. MagsL-HUD failures (2 cases)
resulted from: 1) endoscope tip movement during the final fire
process as the surgeon put down the endoscope, and 2) inad-
equate workspace from insufficient tissue insufflation. MagsL
failures (4 cases) stem from: 1) premature device release in three
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Fig. 13.  Setup for compression force tests and results. (a) Setup for compres-
sion force experiments with side-to-side magnets. One compression magnet is
fixed on the ATI Gamma F/T sensor, while the other compression magnet is held
and moved by a robotic arm in a side-to-side pose. (b) Measured ground-truth
compression force data, its fitted curve, and the results from the FEM simulation
method.

cases, and 2) in one proximity case, magnetic interference during
asynchronous firing led to one Endo-MagCap not being able to
fire. In all, compared to the advantage in operative time, the
improvement in success rate demonstrates the clinical value of
the proposed MagsL-HUD endoscopic system. By providing
feedback on compression warnings and magnetic attraction
forces, the system enables surgeons to fire compression magnets
within the proper distance, effectively preventing failures caused
by inappropriate distance.

E. Compression Force Test on Side-to-Side Magnets

In this subsection, the compression force between side-to-side
magnets is tested. As shown in Fig. 13(a), a robotic arm is used
to hold one compression magnet to move close to the other
compression magnet, which is fixed onto a force/torque sensor
(ATI Gamma, sensing range 100 N in z-axis with resolution
1/80 N for z-axis). Both compression magnets are attached
with optical marker coordinates, allowing the gap distance to
be measured by an optical tracker system.

As shown in Fig. 13(b), results show that compression force
increases as gap distance decreases with a fitted polynomial
model as

OF = p; x dist® + py x dist® + p3 x dist + py

(p1 = —3.037 x 107, py = 1.267 x 10°,p3 = —1.889 x 10%,
pq = 107.1 based on measured data), where C'F' is compression
force in N unit. Besides, the FEM simulation results are marked
in Fig. 13(b). It is observed that within a gap distance of
0.015 m, the FEM simulation results are closer to the actual
measured results, compared to the dipole model in (25), which
overestimates the force by one to two orders of magnitude. For
magnetic analysis of this type of side-to-side magnets, refer to
the results of FEM simulation to explore compression magnet
design or control gap distance for the optimal compression
force range [43].

F. Video Demonstration

To further enhance the visualization of experimental re-
sults, we have provided detailed video demonstrations for key
experiments discussed in the article. These videos offer an

in-depth, step-by-step visualization of both the experimental
setup and the application of the MagsL-HUD system, ensuring
a clearer understanding of its effectiveness in different contexts.

The first video showcases the localization experiment de-
scribed in Section IV-B. The second video shows the mea-
sured ground-truth force and the results from (25) described
in Section IV-C. The third video demonstrates the ex vivo MCA
surgery performed using the proposed MagsL-HUD endoscopic
system, as shown in Section IV-D. This video effectively high-
lights the real-world application of the system in a simulated
clinical environment. The fourth video displays 3-D X-ray
imaging results of the porcine ex vivo tissue, described in Sec-
tion I'V-D. This video offers a detailed view of various perspec-
tives of the final complete compression results inside the porcine
ex vivo tissue. The compression magnets can be seen, providing
a comprehensive understanding of their final positioning.

V. DISCUSSION

This study introduces the MagsL-HUD endoscopic system, an
innovative solution that enhances endoluminal MCA surgery by
providing real-time localization and intuitive endoscopic visual-
ization. The integration of multimagnetic six-DoF localization
with HUD guidance offers a promising approach to address
the critical challenge of safe, real-time feedback in complex,
unstructured endoluminal environments. This represents a sig-
nificant step forward in improving the safety and efficacy of
endoluminal MCA procedures. Additionally, the authors recog-
nize the importance of considering and discussing the following
relevant issues to offer deeper insights for readers and future
researchers.

A. Consideration on Biocompatible Needs

The design and fabrication of the Endo-MagCap utilized
3-D printing technologies to achieve precise geometries and
functional components. Given its application in surgical environ-
ments, careful consideration should be given to the choice of bio-
compatible materials. Materials such as polyetheretherketone
(PEEK) and medical-grade polylactic acid are commonly used
due to proven compatibility with human tissues and resistance
to sterilization processes.

The magnets within the Endo-MagCap required specialized
coatings to address two critical concerns: biocompatibility and
corrosion resistance. Bare magnets, particularly those made of
NdFeB, are prone to corrosion in physiological environments. To
mitigate this, a multilayer coating approach should be adopted.
1) Base layer: A nickel-copper-nickel coating can be applied
to improve corrosion resistance and mechanical durability.
2) Biocompatible outer layer: A final layer of medical-grade
perylene can be added to ensure safety and biocompatibility. The
coating process is optimized to maintain the magnetic strength of
the magnets while preventing the leaching of potentially harmful
substances into surrounding tissues.

B. Consideration on Instruments Interference

The instrument interference is an issue to be considered, as
surgeons may utilize the endoscopic instrument channel during
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Fig. 14. Setup for instruments interference tests and results. (a) Setup for
instruments’ interference tests. One Endo-MagCap is fixed to the localization
system, while the instruments can be inserted through the working channel to the
tip. (b) Field percentage change results for the forceps and clip. (c) Interference
observation for forceps. (d) Interference observation for the clip.

procedures. As shown in Fig. 14(a), the Endo-MagCap remains
stationary while recording baseline magnetic field measure-
ments YM,,,.;(m, n) for each (m, n) magnetic sensor. Then, the
variance in the magnetic field is measured as A9 M (m, n) when
instrument is introduced, and the attraction interference between
the magnets and instrument is observed. The field percentage
change is defined as

S0 MG
me ||gM0ri(m, n) ||

Fig. 14(b) shows test results for two common instruments:
biopsy forceps and clips (both austenitic stainless steel), yielding
pare 1.31% and 1.33%, respectively, (p for no-instrument cases
are 0.95% and 0.97%, respectively). Besides, attractive magnetic
interaction is observed with forceps as indicated in Fig. 14(c),
and clips showed smaller interference as illustrated in Fig. 14(d).
Consequently, we recommend avoiding stainless steel instru-
ments when using the MagsL-HUD system in MCA surgery.
When additional instruments are required, nonferromagnetic
alternatives (e.g., medical-grade plastics or titanium) should be
selected.

Furthermore, electrosurgical units pose additional electro-
magnetic compatibility concerns. When activated, these devices
generate high-frequency electromagnetic fields that may couple
with magnetic sensors. Such time-varying interference could
corrupt measurements of the static magnetic fields, which are
essential for localization accuracy. We recommend avoiding the
use of electrosurgical units when using the MagsL-HUD system
during MCA surgery.

x 100%.

C. Clinical Feedback and Enlightenment

Feedback from consulting surgeons provided valuable in-
sights into the clinical utility and potential development of the
proposed system. The key points are summarized as follows.

1) Surgeons appreciate the integration of localization data

directly into the EV. Traditionally, compression magnet
localization relies on X-ray imaging, which exposes both
patients and surgeons to radiation and requires protective
equipment. Furthermore, reconstructing spatial pose from
2-D X-ray images is challenging and unintuitive. While
switching between imaging modalities is feasible, the

HUD endoscope concept offers an intuitive and valuable
solution for intraoperative guidance.

2) The technical framework and the initial validation results
are promising. The core innovation lies in the combination
of magnetic localization with endoscopic visualization.
This technology could be extended to scenarios involv-
ing both endoscopes and capsules [25], [44], where a
capsule carrying a magnet is positioned at a target site,
and then an endoscope with Endo-MagCap is used for
guided operation. This could broaden the clinical appli-
cability of the system, particularly as the simultaneous
operation of two endoscopes presents considerable skill
challenges.

3) Endoluminal MCA has been shown to be feasible for
anastomosis. However, from a clinical perspective, in
cases such as intestinal obstruction, the new anastomosis
may not form until at least two weeks postsurgery [13],
which may not be ideal. Investigating the mechanisms of
anastomosis formation after MCA, or exploring ways to
accelerate tissue necrosis and healing, could be directions
for future research.

4) For intestinal anastomosis, maintaining a patent lumen is
critical. It was recommended that the anastomosis should
have a big enough diameter to mitigate the risk of postop-
erative stricture. This suggests that the use of magnets with
insufficient dimensions could potentially compromise the
long-term success of the anastomosis, highlighting a key
parameter for device design and selection.

D. Comparisons With Studies, Limitations, and Future Works

In recent clinical case studies, surgeons often face a tradeoff
between NSW and RF procedures, as existing methods struggle
to achieve both simultaneously. As indicated in Table IV, for
example, techniques in [13] and [45] rely on open surgery or la-
paroscopic approaches, which are RF but compromise on NSW,
resulting in tissue injury and prolonged recovery. In contrast,
methods like [46] and [47] achieve NSW using X-ray imag-
ing for feedback, yet expose patients and surgeons to harmful
radiation. Our system uniquely integrates both NSW and RF ca-
pabilities, providing a safer and less invasive alternative. Unlike
prior techniques that depend on open-vision or X-ray imaging,
requiring surgeon interpretation, our approach directly deliv-
ers localization and force information, offering more intuitive
feedback. Additionally, the HUD endoscope design aligns with
surgeons’ operational habits, enhancing procedural usability.
However, our method has limitations. It requires a nonmagnetic
interface environment as discussed in Section V-B, potentially
necessitating additional techniques to mitigate interference, and
demands accurate model verification for reliability. Currently
validated on ex vivo porcine models, the ultimate goal is to
transition to in vivo and human trials. While these ex vivo
experiments provide critical preliminary data, further validation
in live animal models and human subjects is essential to establish
clinical reliability and support regulatory approval for broader
adoption. Moreover, there are several areas for improvement and
further research that will be essential for its clinical translation.
The following points outline key directions for future work.
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TABLE IV
COMPARISON WITH PREVIOUS STUDIES

Studies NSW RF Feedbacks Guiding Delivery method Study Limitations
Ref [13], 2017 X v Open-vision X ) Surgeon intervention Human Tissue injury, longer hospital
stays and slow-paced recovery
. . Endoscopy + Lithotripsy Requires well-trained team
Ref [46], 2020 4 x X-ray imaging X0 basket catheter Human and exposure on harmful radiation
Ref [45], 2023 X v Open-vision X -) Endoscopy * Speleal Porcine . Tissue jury
laparoscopic device in laparoscopic surgery
. . S Requires expert-level skills
Ref [47], 2025 v X X-ray imaging X ) Endoscopy + Guidewire Human and exposure on harmful radiation
This work v/ v Local‘lzatlon a'nd v/ (HUD) Endoscopy + Endo-MagCap Ex vivo Requires non-magnetic ln?erfel.'ence
force information porcine and accurate model verification
1) Transitioning from ex vivo to in vivo testing, and fur- dominates, reducing reliance on precise guidance.

2)

3)

4)

5)

ther human trials: A critical next step is transitioning the
system from ex vivo animal models to in vivo testing, and
ultimately, human trials. The performance of the system
must be evaluated under realistic surgical conditions to
assess its feasibility in live human tissues. The next goal
is to refine the system’s ability to perform in real-world
clinical environments.

Exploring 3-D sensor array localization system: The cur-
rent 2-D magnetic sensor array used in the system limits
the potential localization space. To overcome this con-
straint, exploring alternative sensor array configurations,
such as 3-D sensor arrays [48], could provide more com-
prehensive spatial coverage. Further research into this 3-D
sensor array approach can offer significant improvements
in magnetic localization system measurement space.
Improvements in the HUD interface: The effectiveness
of the HUD interface plays a significant role in guiding
surgeons through the MCA procedure. Future work will
involve refining the UI design of the HUD to enhance user
experience and interaction. By making the interface more
intuitive and responsive, surgeons will be able to make
better-informed decisions in real-time.

Integration of magnetic actuation for automated perfor-
mance: Future research can explore the introduction of
external magnetic actuation sources, such as permanent
magnets [49], [50] or electromagnets [38], [51], to en-
able closed-loop magnetic control and path planning un-
der magnetic actuation [52], [53]. By integrating these
actuation sources with EV-based imaging information,
the system can achieve fully robotic magnetic manipu-
lation during MCA surgery. The core challenge lies in the
simultaneous localization and control of multiple mag-
netic devices, which, if successfully implemented, would
significantly enhance the level of automation in MCA
procedures.

Considerations for postoperative surgery: The MagsL-
HUD system is validated for intraoperative navigation,
with separate considerations necessary for postoperative
monitoring. The positioning error of ~0.007 m is accept-
able during the challenging long-range guidance phase
(navigating from >0.20 to <0.05 m), as it remains an order
of magnitude smaller than the distances traversed and does
not impede reliably reaching the magnetic capture zone. In
contrast, at proximity (<0.05 m), magnetic self-alignment

Regarding force estimation, it achieves an average error of
0.0332 N during long-range navigation, providing helpful
feedback. Although the error increases to ~0.3 N at close
range, this is clinically acceptable because the system no
longer guides motion at that stage. For postoperative mon-
itoring of tissue compression forces and necrosis, where
submillimetre localization accuracy would be required, we
acknowledge that our method is insufficient.
The future of this technology lies in fine-tuning these aspects
to create a robust, biocompatible, and user-friendly system that
can be applied to real-world clinical settings.

VI. CONCLUSION

In this article, we have introduced the MagsL-HUD en-
doscopic system, an innovative NSW/RF-compatible solution
designed to enhance MCA surgeries, particularly in complex
and unstructured endoluminal environments. By combining key
technologies, such as the Endo-MagCap delivery device design,
multimagnetic six-DoF localization, and real-time HUD guid-
ance visualization, the MagsL-HUD system addressed critical
limitations in current MCA procedures, specifically the lack
of real-time RF localization feedback for compression magnets
and provided effective visualization guidance for surgeons. Our
experimental results, validated through laboratory experiments
and ex vivo animal trials, demonstrated reliable tracking ac-
curacy in both position and orientation. The system achieved
six-DoF localization accuracy, with average errors of 0.0070 m
and 0.1437 rad for one compression magnet in circular trajectory
case, and 0.0071 m and 0.1721 rad for the other in “8” type
trajectory case. Furthermore, porcine ex vivo trials confirmed
the system feasibility and clinical applicability, successfully per-
forming a stomach-colon MCA surgery with a final compression
gap of approximately 0.00247 m. Comparative trials showed
that the MagsL-HUD approach achieved a higher compression
success rate than MagsL approach (71.4% versus 42.9%) in
the designed trials. This improvement is attributed to real-time
visualization of critical parameters, including distance, force,
and warnings, which enhanced surgeons’ ability to deploy com-
pression magnets at proper target positions.

The contributions of this study lay the groundwork for further
advancements in endoluminal MCA technology. By offering
real-time feedback and guidance to reduce the reliance on
the surgeons’ experience, the MagsL-HUD endoscopic system



492

IEEE TRANSACTIQNS ON ROBOTICS, VOL 42,2026

IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2026, Vienna, Austria. Cite as T-RO pap

A 108 Von Mises Stress (Mpa)
10 :
9
8
7 "~ max: 10.8054
g et
> a
3 \ < max: 10.8054
2 | 5
i1 o pe
(]
Yo
Alla First Principal Stress (Mpa)
10
8
i3
i-4
|2
|u
-2
Fig. Al. Tllustration of stress evaluation for the 3-D-printed components in

Endo-MagCap using FEM simulation, where the maximum stress is marked.

has the potential to make MCA a standardized clinical ap-
proach for anastomosis surgeries in unstructured endoluminal
environments. With continued research and development, it
holds promise for expanding the applicability of MCA surgery
to broader clinical scenarios.

APPENDIX A
MECHANICAL ANALYSIS OF ENDO-MAGCAP

This appendix provides the mechanical analysis of Endo-
MagCap and related discussion. As described in Section 1I-B,
the mechanical components of concern is whether the 3-D-
printed connector and the up cap meet the stress requirements.
First, the torsional spring rate of the spring ke ~ 0.5561 N -
mm/deg. When the Endo-MagCap is in a fire state, the rotation
angle A0 ~ 70 deg, resulting in the torque Tpring = krae A0 =
38.9270 N- mm. Since the leg length Lj,, = 8 mm, the max
applied force onto the 3-D-printed connector or up cover can be
obtained by

Tspring

~ 4.8659 N.

F, spring —
leg

Then, using the FEM method by applying Fiping 0n to the contact
faces. Typical 3-D-printed materials that meet ISO 10993 stan-
dard, like 3-D-printed PEEK, have tensile strength of about 56
MPaunder 50° temperature (which is affected by layer thickness,
raster angle, and so on). Here, a conservative value is used
as [54]. Since PEEK material is a thermoplastic polymer, both
the Von Mises and first principal stresses are examined. Based
on the FEM results, which are illustrated in Fig. Al, it can be
observed that the maximum Von Mises and first principal stress
are 10.8053 and 11.3513 MPa, respectively. It can be obtained
that

56

Isf = 11.3513

APPENDIX B
ENDOSCOPE CALIBRATION PROCEDURE AND RESULTS

This appendix provides a detailed procedure employed for the
endoscopic calibration. The calibration process, as illustrated in

SDI capture a3
— L d

Chessboard
Dataset

1 Camera Calibrator ._-

Fig. B1. Illustration of endoscopes’ calibration setup and results. (a) Setup for
endoscopes’ camera calibration. Endoscope image datasets are acquired using
SDI capture and calibrated using the Camera Calibrator toolbox in MATLAB.
(b) Checkerboard detection results for the endoscopes’ camera.

TABLE B1
ENDOSCOPIC CAMERA INTRINSIC MATRIXES PARAMETERS

fz,i f ¥ Cx,i Cy,i
Gastroscope (i = 1) 756.18 752. 93 948.11 553.43
Colonoscope (i = 2) 770.76 769.27 1236.10 533.44

Fig. B1(a), utilizes a checkerboard pattern and the Camera Cali-
brator toolbox within the MATLAB environment. The procedure
is executed as follows.

1) A planar checkerboard with a 10 x 10 grid of squares is
generated. Each square was designed with a precise side
length of 5 mm.

2) The endoscope system is used to capture a series of images
of'the checkerboard pattern. To ensure a robust calibration,
the endoscope is positioned at various perspectives relative
to the checkerboard. Care is taken to maintain the entire
checkerboard within the view for each captured image.
The captured images are subsequently transferred to a
computer via an SDI capture.

3) The captured images are imported into the MATLAB
Camera Calibrator toolbox. The toolbox is configured
with the known dimensions of the checkerboard squares
(5 mm). The software then automatically detects the
corners of the checkerboard squares in each image, as
depicted in Fig. B1(b).

4) Using the detected checkerboard corners, the calibration
function within the toolbox is executed. This function
estimates the camera’s intrinsic matrix, which includes
the focal length and principal point.

The final calibration results are listed in Table B1. Based
on practical experience, parameters can contain errors from
the endoscope optics, SDI capture, and transmission. Critically,
adjustable-focus endoscopes should use the same focal length
modes during calibration and application.
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