Efficient Position-Based Deformable Colon Modeling for
Endoscopic Procedures Simulation

Marcelo Martins
Lucas Morais
Luciana Nedel
marcelo@ufrgs.br

lzmorais@inf.ufrgs.br
nedel@inf.ufrgs.br
Federal Univ. of Rio Grande do Sul

Porto Alegre, Brazil

Rafael Torchelsen
rafael.torchelsen@inf.ufpel.edu.br
Federal University of Pelotas
Pelotas, Rio Grande do Sul, Brazil

Anderson Maciel
anderson.maciel@tecnico.ulisboa.pt
Instituto Superior Técnico,
Universidade de Lisboa
Lisbon, Portugal
Federal Univ. of Rio Grande do Sul
Porto Alegre, Brazil

Figure 1: On the left, the colon mesh undergoes deformation in response to the endoscope movement. In the center, a kinematic
perspective of the endoscope highlights light reflections on the walls of the colon. On the right is a frame of the operator’s

view, as seen when using our colonoscopy simulator.

ABSTRACT

Current endoscopy simulators oversimplify navigation and interac-
tion within tubular anatomical structures to maintain interactive
frame rates, neglecting the intricate dynamics of permanent contact
between the organ and the medical tool. Traditional algorithms fail
to represent the complexities of long, slender, deformable tools like
endoscopes and hollow organs, such as the human colon, and their
interaction.

In this paper, we address longstanding challenges hindering the
realism of surgery simulators, explicitly focusing on these struc-
tures. One of the main components we introduce is a new model for
the overall shape of the organ, which is challenging to retain due
to the complex surroundings inside the abdomen. Our approach
uses eXtended Position-Based Dynamics (XPBD) with a Cosserat
rod constraint combined with a mesh of tetrahedrons to retain the
colon’s shape. We also introduce a novel contact detection algo-
rithm for tubular structures, allowing for real-time performance.
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This comprehensive representation captures global deformations
and local features, significantly enhancing simulation fidelity com-
pared to previous works.

Results showcase that navigating the endoscope through our
simulated colon seemingly mirrors real-world operations. Addition-
ally, we use real-patient data to generate the colon model, resulting
in a highly realistic virtual colonoscopy simulation. Integrating
efficient simulation techniques with practical medical applications
arguably advances surgery simulation realism.
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1 INTRODUCTION

Colorectal cancer (CRC) is the second leading cause of cancer-
related deaths. Projections indicate that there will be almost 1.1
million deaths attributable to CRC by 2030 [Siegel et al. 2020]. Early
detection of polyps, adenomas, and CRCs significantly prevents and
lowers mortality rates. Colonoscopy is the gold standard technique
for detecting and eliminating these polyps [Dik et al. 2014], leading
to a 67% decrease in the risk of death [Doubeni et al. 2016].

However, mastering colonoscopy requires extensive training,
and Virtual Reality (VR) simulators have proven to enhance per-
formance in Patient-based Assessments [Koch et al. 2012]. These
simulators are crucial for training novice surgeons and improving
patients’ comfort and safety. Additionally, VR simulators offer the
advantage of accelerating the training process for students in the
early stages of practical learning by enabling the repeated practice
of procedures [Van der Wiel et al. 2016]. The effectiveness of vir-
tual endoscopic simulators frequently rivals or surpasses that of
traditional training methods [Zhang et al. 2021].

The ability of a simulator to accurately mimic the deformation
of soft tissues is a crucial factor in its realism. Still, the simulation
of biological tissues presents numerous research challenges, such
as delivering plausible visual behavior while keeping high perfor-
mance and quick response times [Zhang et al. 2017]. The pivotal
factor influencing the success of these virtual simulators lies pre-
dominantly in the mechanical model employed for simulating both
the endoscope tube and the colon. While the colon can be conceptu-
alized as a soft tissue, the endoscope is primarily a tensioned steel
rod within a flexible tube.

Typically, simulation models concentrate on replicating the ef-
fects of these critical characteristics. This paper presents novel
solutions for improving virtual tissue behavior during a tubular-
based surgery simulation. Our contribution is three-fold:

e A technique to simulate the computationally demanding
deformation of the colon shape resulting from its interaction
with the endoscope.

o A collision detection algorithm designed for dynamic and
intricate tubular surfaces. Our approach ensures real-time
performance and is finely tuned to navigate intense collision
situations efficiently.

o A streamlined workflow to facilitate patient data integration,
eliminating the need for manual colon modeling. This en-
hances efficiency and opens up novel possibilities for medical
training.

2 RELATED WORK

Preceding related works primarily emphasized simulating the en-
doscope, often oversimplifying the representation of the colon. The
endoscope’s relative ease of representation is understandable, given
its nature as a controllable steel rod within soft tissues. Conse-
quently, most collision reactions and shape deformations occur in
the soft tissue. Based on these observations, we directed our focus
toward modeling the colon.
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2.1 Endoscope Model

While our contributions are centered on the colon, and we limit
the scope of the details about the endoscope, we still need to under-
stand how the endoscope modeling approach affects the context
of colonoscopy. Overall, the endoscope tube comprises a series of
interlinked, rigid, cylindrical, and hollow segments, with a few ca-
bles crossing the middle of the segments to control the stiffness and
direction of the tube [Torii 2003]. To model it, recent works [Ko-
rzeniowski et al. 2016; Morais et al. 2023] have used Cosserat rods
elements [Spillmann and Teschner 2007], and direct position-based
solvers [Deul et al. 2018; Macklin et al. 2016], respectively. We ex-
tend these previous works by applying the Cosserat theory and
Position-Based Dynamics (PBD) [Fang et al. 2023; Miiller et al. 2007]
to approach the problem.

2.2 Soft-Tissue Model

Several soft tissue modeling approaches are applied in surgical
simulation [Berndt et al. 2017; Chang et al. 2011; Duan et al. 2016;
France et al. 2005; Pan et al. 2015; Visser et al. 2010]. However, this
line of research predominantly encompasses significantly thicker
tissues than the colon. The most common methods are force-based.
These include the Finite Element Method (FEM) analysis and the
Mass-Spring Method (MSM) lattices.

FEM approximates continuous functions as discrete models in-
volving a finite number of points and sub-domains in the problem’s
domain [Tekkaya and Soyarslan 2018]. Solving partial differential
equations with linear FEM is computationally efficient, but it does
not handle large deformations well. Yan and Canny [1999], Nebel
[2001] and [Guan et al. 2014] presented deformable tissue mod-
els for surgical simulation using nonlinear FEM. Yan et al. [2007]
improved the approach with a meshing algorithm based on Delau-
nay’s criterion. However, these methods are generally unsuitable
for real-time [Ye et al. 2018]. Chentanez et al. [2009] proposed a
linearization on the FEM formulation to accelerate their coupled
needle-tissue simulator to less than 100 ms per frame; still not
real-time.

The Mass-Spring Method (MSM) is widely used for simulating
deformable objects such as cloth and soft tissue [Mollemans et al.
2003; Patete et al. 2013]. MSM is based on mass points connected by
springs, where Hooke’s law governs the conventional model. Mod-
els based on MSM are more accessible to implement and provide
more straightforward calculations, allowing real-time interaction.
Nonlinearity emerges from linear springs without additional cost.
Recently, Omar et al. [2022] presented a model that integrates tra-
ditional Hooke’s law with a nonlinear volume force derived from
the conical spring methodology. MSM, however, lacks topological
and material properties accuracy, requires complex tuning of pa-
rameters, and is often unstable in terms of structure and numerical
computation [Yan et al. 2007].

Previous force-based methods also exploited the concept of using
a skeleton core to speed up deformation computation and incor-
porate behaviors. Zhang et al. [2010] used a skeleton to preserve
volume when bending. Other authors used skeletons with soft
layers to control the animation of humanoid characters [Capell
et al. 2002; Kim and Pollard 2011]. When the static result of several
forces is more important than the dynamics of deformations, a grid
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schema can also be applied [Mitchell et al. 2015] to attain real-time
responses.

Position Based Dynamics (PBD) [Miiller et al. 2007] has appeared
as a scalable alternative that offers visually appealing results in
games and interactive real-time applications. Unlike force-based
methods, Position-Based Dynamics (PBD) operates by iteratively
solving position constraints to achieve the desired behavior, and
its versatility has led to widespread use [Fang et al. 2023].

The eXtended Position Based Dynamics (XPBD) [Macklin et al.
2016] enhanced the PBD method by applying an implicit time in-
tegration, increasing its stability and solving the iteration count
and time step-dependent constraint stiffness. Additionally, XPBD
can provide estimates of constraint forces, making it suitable for
applications requiring haptic user feedback and even allowing uni-
fied simulation with fluids and rigid bodies [Miiller et al. 2020]. Our
approach aligns with this trend, using XPBD as the framework for
simulating the colon and the endoscope. However, we incorporate
several components, as explained later. One is blending a Cosserat
rod and tetrahedra constraints with a spline; another is a specialized
collision detection algorithm.

2.3 Collision Detection

In addition to soft tissue deformation, collision detection between
deformable structures has long been a primary bottleneck in
interactive simulation [Teschner et al. 2005; Wang and Cao 2021].
Typically, accuracy conflicts with achieving the high framerates
demanded for interaction. When force feedback is needed, the per-
formance requirements become even more stringent, often leading
to constraints on one side that compromise results on the other.

When working with deformable meshes, we face the challenge of
constantly updating pre-computed collision structures to represent
the object’s geometry accurately in its current state. Numerous
algorithms have been proposed to tackle this challenge. Those
proposed by Choi et al. [2017], Liang et al. [2018], and Kim et al.
[2019] have employed bounding volume hierarchies (BVHs) to
improve collision detection efficiency. Other techniques used Spatial
Partitioning, such as hash tables [Maciel et al. 2007; Maule et al.
2010; Ye et al. 2016], spatiotemporal coherence [Maciel and De 2008]
and K-D tree [Schauer and Niichter 2015; Serpa and Rodrigues 2019],
along with distance fields [Liu and Kim 2013].

Concerning collision detection for colonoscopy simulation, Yi
et al. [2006] used a uniform cubic subdivision of space with adap-
tations for continuous collision detection. France et al. [2005] pro-
posed a different approach, employing a chain of spheres in the
broad phase for both the endoscope and the colon meshes. Ko-
rzeniowski et al. [2016] used an AABB BVH between the colon
and the endoscope. Other recent works rely on collision detection
methods in commercial software such as Nvidia PhysX within the
Unity game engine [Morais et al. 2023].

Almost all the works mentioned used a colon mesh that is either
rigid or has minimal freedom of movement, a scenario where colli-
sions occur between two rigid or deformable and one rigid object.
Methods exist that are competent to handle them but do not toler-
ate a training simulation of a real-life situation where both main
components are deformable. Furthermore, we have no knowledge
of collision detection techniques that have leveraged the unique

SIGGRAPH Conference Papers "24, July 27-August 1, 2024, Denver, CO, USA

characteristics of the tubular structures in our context to improve
performance. Our approach, described in Sec. 3.2, addresses both
aspects.

3 METHODS

To improve the living tissues’ dynamic behavior during the sim-
ulation of colonoscopies, we propose a pipeline (see Fig. 2) and
outline its critical stages, starting with acquiring the colon mesh
from patient data. The mesh is reconstructed from computed to-
mography (CT) images, usually obtained from patients undergoing
colonography. Automatic segmentation is possible due to colon
insufflation and the dye contrast used in the preparation for the
scan. The colon centerline is then extracted and used to configure
a spline skeleton for the deformable colon (details are in Sec. 3.1).
Our endoscope model is also based on a spline skeleton. Having
both structures modeled on the same basis allows for a targeted
collision detection approach. This new collision method is detailed
in Sec. 3.2. Finally, to process the deformation of these elements,
we propose an XPBD formulation in Sec. 3.3. We delineate each
pipeline step below.

Due to page limits, we have omitted details on the user interface
and the endoscope modeling. Finer points about the software archi-
tecture and the choices made for the graphics output can be found
as supplemental material.

3.1 Patient-Based Colon Modeling

Our processing pipeline begins with obtaining a triangle mesh of
the colon surface. This can be a reproduction made by a designer
anatomist or a reconstruction from medical imaging. While other
medical imaging techniques could also provide anatomical data
[Hong et al. 2014], we consider colonography CT data ideal. We fol-
lowed an approach using open tools [Paulo et al. 2018] capitalizing
on The Cancer Imaging Archive!.

Given the surface mesh, we enhance the model with structures
necessary to deform the colon. The next step is to extract a set
of points close to the centerline of the colon from the rectum to
the cecum. There are several methods to estimate the centerline,
including employing mesh shrinking techniques [Paulo et al. 2018]
or a pathfinding algorithm. We opted to discretize the mesh into
voxels and used them as input for the A* pathfinding algorithm.
This is not crucial to the pipeline; applying mesh shrinking will
yield similar results. We sample points regularly spaced from the
centerline and interpolate them using a centripetal Catmull-Rom
spline [Catmull and Rom 1974] that will serve as a backbone for
the colon shape. The density of the control point sampling must
be high enough to preserve the relationship of the spline with the
high-frequency features.

The spline provides a continuous path throughout the colon but
lacks volume. Conversely, the mesh provides volume but poses
challenges in detecting multiple collisions due to its complexity.
We thus propose to enrich the spline with volumetric information,
creating a structure we call volumetric spline, or simply volspline.
The volumetric spline is illustrated in Fig. 3. It lies at the foundation
of our collision detection and simulation model presented in Sec. 3.2
and 3.3 below. The volspline is a data structure composed of a

Uhttps://www.cancerimagingarchive.net
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CT Segmentation and
Mesh reconstruction

Patient-specific Colon Reconstruction (a)

Voxealized Mesh and

Pathfinding (Y,

Spline Interpolation and Ray Casting (b)

Mesh Skinning using  }
: control points as bones  :

Corotated
FEM

Volume
Constraint

Tetrahedral mesh for surrounding
abdomen (control points are also vertices)

Cosserat Rod Constraints
between Spline Control Points

Figure 2: The simulation pipeline is divided into three main parts: a) acquisition and reconstruction of the colon mesh from a
real patient CT, including the colon centerline estimation; b) building a volumetric spline skeleton from the reconstructed
mesh and centerline; c) simulate the colon deformation using an XPBD formulation and a tailored collision detection method.

set of Radiating Control Points (RCPs) that serve a dual purpose:
they act as control points and encompass additional topological
information about the mesh. For each RCP P; in the set P, rays are
cast from the point toward the surrounding mesh. We refer to the
intersection points between the rays and the mesh as radial points
V;. Each RCP P; is associated with m radial points. These radial
points collectively form an array V = [V, V1, - - -, Vp—1]. The blue
rays in Fig. 3 (bottom row) represent them.

We also modeled the endoscope as a volspline, with a set of RCPs
Uy, as illustrated in green in Fig. 3 (top row). An endoscope is more
straightforward to model than the colon since its volume can be
defined by a radius parameter r (purple line in Fig. 3). Furthermore,
it does not need reconstruction, as its generalized cylindrical shape
can be procedurally modeled.

3.2 Fast Spline Collision Detection (FSCD)

The FSCD algorithm is tailored to detect multiple intersections
between two deformable tubular structures that permanently touch
while moving inside each other, such as an endoscope inside the
colon. The method identifies collisions by comparing two volu-
metric splines, as in Fig. 4. We thus have an inner and an outer
volspline.

The process of computing the colliding points between the two
volsplines starts by sampling the two curves with any number of
s steps. By interpolating s steps between U and Ug,;, and P;
and P;;1, we can create as many RCPs as needed to refine the
intersection test, allowing us to adjust the precision in regions
where more accuracy is sought. An intersection test is triggered for

P

4 4

Figure 3: The volumetric spline representation for the en-
doscope (top) and colon (bottom), in front view (left), and
cross-sections (right).

each sample pair in the set of s pairs (see optimizations in Sec. 3.2.1).
The number of steps defines the resolution of the approach and may
affect the accuracy. The intersection test returns a set of colliding
tuples. Each tuple contains the colliding point in each volspline and
the respective spline segment IDs, where a segment is a rigid link
associated with a control point upon which the collision response
will be applied. This means the detection is processed at a higher
resolution than the control points, but the response is given at the
control points.
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Figure 4: A front view and a cross-section close-up of a colli-
sion between two volsplines as detected by the FSCD method.
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Figure 5: The images portray the three scenarios expressed
in Eq. 1 in the same orded, where W is the vector from Vj; to
Vij+1, and Z is the vector between Uy and Vij.

As the inner volspline has a uniform radius all along, we can
see each RCP Uy as a sphere (Fig. 4-right). We cannot make that
assumption for the outer volspline, as P;’s have variable radial
vectors. Therefore, we build triangles grouping each radial vector
with its adjacent, as illustrated by the dashed line in Fig. 4-right.
This reduces the problem to the intersection check between the
sphere and the side of the triangle representing the outside mesh
wall.

For processing the intersection test between the Uy sphere (inner
volspline) and the outer edge of the outer volspline triangle (see
Fig. 5) we compute Z = V; ; — Uy and then project Z on W to obtain
the closest point CP on W to Uy, using the following equations:

Vijs ifW-2<0
CP = Vi1,

Vij+q-w otherwise.

ifw-w<w-z (1)

At the last condition, the closest point comes over w, where CP
is obtained as a linear interpolation between V; ; and V; j+1 with g

defined by Eq. 2:

.

- Z
g=5—=
W W

s

asq € (0,1). (2)

Finally, we use Eq. 3 to check if a collision occurs:

[[CP—Ug|l <r. 3)

This is repeated for all m triangles (P;, V; j, V; j+1) of each RCP.
When an intersection is found, we create a tuple with CP and
||CP —Uyg|| - r + Ug, representing the exact collision location of both
the inner and outer volsplines. We also include the IDs i and k of
the respective colliding RCPs.

3.2.1 Optimizations. The core algorithm’s complexity increases at
a quadratic rate of the spline sampling size and number of control
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points. Even if the product of these numbers is not expected to be
higher than around a few thousand for a human colon, we added
a broad phase [Hubbard 1993] on the top of the FSCD to filter out
pairs [i, k] that are unlikely to collide.

Our broad phase uses a pair of AABB trees, one for each spline.
Although AABBs may not produce high-precision bounding vol-
umes, they fit the problem well and are very efficient to build
[Bergen 1997]. The AABB-tree leaves correspond to a pair of RCPs
of the volspline. We construct our trees bottom-up, creating a parent
node encompassing the leaves and processing iteratively until we
have a single root box. Next, we use a depth-first search between the
two trees for candidate verification. Only the pairs of leaf boxes that
intersect pass to the narrow phase, where the respective segments
are sampled on the curve.

3.3 Colon Deformation Model

An interactive simulation of a colon for a colonoscopy simulation
demands a physically plausible response and real-time performance
despite the nonlinear complexity of the problem. We employed
XPBD and a novel arrangement of constraints to simulate the colon
and endoscope deformations. XPBD was chosen for its demon-
strated robustness, speed, and convergence capabilities [Cetinaslan
2021; Cetinaslan and Chaves 2019; Deul et al. 2018].

3.3.1  XPBD Solver. We used a solver that employs a nonlinear
variation of the Gauss-Seidel method [Deul et al. 2018], which is
based on the XPBD algorithm [Macklin et al. 2016]. The solver
overcame the slow converge problem for stiff deformables of XPBD
by applying a modified version of Baraff’s linear-time solver [Baraff
1996].

3.3.2 The colon as a Cosserat Rod. A natural approach to model the
colon with XPBD is to exploit tetrahedral elements and constraints
such as volume conservation. We did not proceed that way because
the number of tetrahedra required for a coherent behavior is com-
putationally demanding and impractical for real-time use [keyong
Lee et al. 2022]. We sought alternatives and devised an approach
combining the Cosserat rods theory with our volspline.

While a Cosserat rod is generally 1D, fitting it to a volspline
yields volumetric and structural features to the rod. The approach
relies on the assumption that the rod maintains coherence between
the continuous structure of the colon with a simpler and more
computationally affordable convergence [Chang et al. 2011]. The
typical Cosserat rod constraint is a combination of the zero-stretch
and elastic bending and twisting constraints that couples two rigid
segments in one six-dimensional constraint [Deul et al. 2018], which
is defined by:

R(q1)p1 + X1 — R(g2)p2 — Xz @
I_ZiVeC [quqz _ qu‘estqgest] s
where p represents a point in the local coordinates of a segment,
which is transformed to world coordinates by applying the rotation
matrix R(q) and translation X. The term J; represents the average
length of segments i and i + 1, and the operator Vec [] extracts
the imaginary part of a quaternion. In this context, q represents
the rotation quaternions for each segment. These quaternions are
crucial for constraining the bending and twisting between segments,

C(X1,q91,X2,q2) =
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Figure 6: Geometric representation of the Cosserat rod seg-
ments (colon) held in place by tetrahedral constraints (mesen-
tery and surrounding soft tissues).

capturing the local deformations, and enabling the calculation of
strain energies associated with these deformations. In our version
of the rod, we also relaxed the inextensible characteristic of the
Cosserat to allow for the colon tissue’s physiological stretching and
shrinking behavior.

3.3.3  Keeping the colon in place. While combining the volspline
with an elastic Cosserat rod provides structure and flexibility for
a simulated colon tube, we still needed to account for the abdom-
inal structures that keep the colon in place — the mesentery and
surrounding soft tissues.

The mesentery is a fold of tissue that attaches the intestines
to the posterior abdominal wall, providing support and stability.
Additionally, other organs and structures in the abdomen, along
with connective tissues, help maintain the colon’s position. These
structures work together to ensure that the colon remains in the
correct location while allowing for the necessary movement and
flexibility for its function during the digestive process [Byrnes et al.
2019].

Simplistic solutions, such as using distance constraints or springs,
fail because they lead to inappropriate behavior due to the con-
straint’s unidimensionality. We propose using tetrahedral constraints
to model the bulk of the abdominal tissue around the colon. Con-
trary to an ordinary approach that would model the thin colon
walls with tetrahedra, we model the surrounding medium instead.

To avoid the need for constant collision calculations between the
tetrahedron structure and the Cosserat rod (colon), we constructed
the tetrahedra around the Cosserat segments so that the segment
is positioned in the same place as a particular component of the
tetrahedron, as shown in Fig. 6. The node and the segment are
linked using a zero-stretch position constraint.

To model the tetrahedra, we use the Fast Corotational constraint,
along with the Volume Constraint, which models the stretching part
of corotated linear elasticity [Barbic 2012]. The Fast Corotational
constraint is derived from the method proposed by Kugelstadt et
al. [Kugelstadt et al. 2018] and presents a tetrahedron in a tetrahe-
dral finite element discretization of a volumetric object. Volume
and corotational constraints were defined to work together. Both
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have their compliance determined based on Young’s modulus and
Poisson’s ratio. The constraint equations are reproduced in the
supplemental file.

3.3.4 Contact constraint. The FSCD method (Sec. 3.2) identifies
the contact points where the endoscope interfaces with the colon.
Following this detection, collision resolution is achieved by estab-
lishing contact constraints. The collision tuple output by the FSCD
returns two segments of the volspline. Such a segment is treated
like a rigid body from the perspective of collisions. As typical XPBD
collision constraints work with particles and rigid bodies, they can
be directly applied. When a collision is identified, both rigid bodies
involved — the endoscope segment and the colon segment — are
penalized using a contact constraint.

Different from most constraints, which are formulated mathemat-
ically as equalities C(X) = 0, contact constraints are formulated as
inequalities C(X) > 0, leading to a linear complementarity problem.
For more details on solving and stabilizing the contact constraint,
we recommend the works from Bender et al. [2014] and Cline and
Pai [2003]. For testing collisions between rigid bodies, we used:

Ce(X) = 2T (X1 +R(81)c1) — (X2 +R(82)c2)),
>0,

®)

where & represents the orientation vector of a rigid body and fi the
collision normal. For this constraint, the obtained Jacobian is

Je(X) = AT [1= (e1,,0,00)* —1(c200)* ], (6)

where ¢; is the point of contact in each body and ()* computes the
skew-symmetric cross-product matrix of a given three-dimensional
vector.

4 RESULTS

Our results are discussed in three parts: the feasibility of the colon
deformation model, the performance and accuracy of collision de-
tection, and the overall performance.

4.1 Deformation Plausibility

The simulation must replicate various scenarios encountered during
colonoscopy procedures, ranging from simple to complex. Ideally,
in in vivo training, complex scenarios should be initially avoided
and then gradually incorporated. However, controlling this during
exercise on a patient is challenging, being one of the aspects where
a virtual simulation is preferable. There, the training can start with
handcrafted colon models that capture the overall shape of the
colon but deliberately avoid situations leading to more challenging
conditions. Fig. 11 illustrates this and a comparison with an X-ray.

Generating colons of diverse complexities, from simple hand-
crafted models to complex cases derived from patient data, all utiliz-
ing the same deformation method, has never been explored before
to the best of our knowledge. Typically, only simple colon mod-
els were employed, primarily due to the absence of an effective
method for simulating deformation in more challenging cases. This
opens up a new range of training possibilities, such as maintain-
ing the anatomical landmarks that allow self-localization by the
surgeon [Saito et al. 2020]. Figs. 10 and 12 show results from our
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simulation of a colon extracted from patient data. Fig. 13 delineates
the pressure distribution on the endoscope tube. The color map is
created by verifying the norm of the vector from the colon contact
point to the endoscope contact point before solving the contact
constraint. Perforations can be simulated by adding a threshold to
the norm. Finally, Fig. 14 depicts a graphics comparison with actual
colonoscopy.

4.1.1  Simulation Parameters. We tried various configurations for
timesteps and iterations, finding a good balance with a timestep of
0.01 seconds and 100 steps per second, allowing a 1-to-1 simulation
time. The model demonstrated satisfactory convergence with 15
iterations. The endoscope was modeled with approximately 200
segments and Young’s modulus of 57,000 Pa. The colon comprised
298 segments with Young’s modulus of 1,000 Pa. The Young’s mod-
ulus for the abdomen was set to 800 Pa, with Poisson’s Ratio of 0.49
and a set of about 3.7k tetrahedra.

We used 1 RCP (Fig. 4-left) with 32 radial vectors (Fig. 4-right)
for each segment of the endoscope and colon Cosserat rods in
the FSCD (collision detection method) implementation. For the
initial three segments of the endoscope, where the camera is located
and can be locally turned by the surgeon, we employed an 8-step
sampling resolution. For the remaining segments, a 4-step sampling
resolution proved to be sufficient.

4.2 Performance

The tests were performed on an Intel Core i7-13700KF system, with
an NVIDIA GeForce RTX 4070, and 32GB of RAM at a 4K resolution.
We evaluated the performance during the endoscope insertion (Fig.
10), which was sufficient to reach the cecum region (the point of
most significant stress for the application’s performance due to the
highest number of contact constraints).

Fig. 7 presents a graph of such measurements showing specific
times for the simulation components, while Fig. 8 depicts the av-
erage performance in frames per second (FPS). The application
maintained above 110 FPS throughout the simulation, with an over-
all average of 171 FPS. In moments of higher stress, particularly
after passing through the sigmoid, traversing the transverse colon,
and entering the cecum (between 150 and 250 seconds), it kept an
average of 130 FPS.

We emphasize that this is a stress test generating over 1.2k con-
tact points along the entire extent of the colon walls and the endo-
scope duct. We will discuss this aspect next since it represents one
of our main bottlenecks.

4.3 Collision Detection Performance

As depicted in Fig. 7, our simulation demands an efficient colli-
sion detection algorithm. Past studies [Korzeniowski et al. 2016]
relied on the SOLID framework [Bergen 1997]. To showcase the
substantial performance gains of our solution, without compro-
mising simulation quality, we present a scene featuring a hanging
spring within another (see Figure 9). This example induces colli-
sions throughout the springs’ length, as the outer spring moves
vertically and the inner spring is dragged.

The performance of both collision detection algorithms is illus-
trated in Table 1. To demonstrate the growth in computational
cost, we tested the same scene with three mesh resolutions. At 1,
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Figure 7: Average physics execution time (blue) and collision
execution time (green) per second. The red line indicates the
number of collisions detected in each second.
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Figure 8: Framerate (blue) and average framerate (red) per
second during an insertion procedure (see Fig. 10). Note that
after passing the splenic flexure (around the 220th second) -
a critical point —, the framerate tends to stabilize, oscillating
between 100 and 105 FPS.

SOLID FSCD
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Figure 9: A visual comparison was conducted between sim-
ulations utilizing our colon deformation scheme with the
FSCD and the SOLID collision detection methods. Captures
at 1s, 10s, and 60s durations reveal that both results are equiv-
alent.

30, and 60 seconds, we measured the isolated cost of detecting all
collisions for each algorithm. As the figure depicts, both have linear
computational growth.
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Table 1: Comparison of the isolated collision detection per-
formance for the simulation in Figure 9. The first column
shows the triangle resolution in each model (inner and outer
models).

FSCD SOLID
1s 30s 60s 1s 30s 60s
6k 037ms 0.42ms 0.44ms | 0.47ms 0.98ms 1.20ms
19k 1.06ms 1.16ms 1.21ms | 0.85ms 3.49ms 3.58ms
32k 1.77ms 2.03ms 2.02ms | 1.36ms 5.67ms 5.65ms

In our comparison, we increased the number of SCPs in propor-
tion to the count of triangles of the object to showcase an optimized
situation for the SOLID algorithm and a suboptimal one for ours.
The computational cost of the SOLID is directly linked to the num-
ber of triangles, and by doing so, we intended to emphasize its
performance in an advantageous scenario. However, we had the
option to maintain the same number of control points, considering
the sampling capacity of the FSCD, which is specifically designed
to handle this type of scenario. This, in turn, would result in similar
performance between the low- and high-resolution tests for our
approach.

5 CONCLUSIONS AND LIMITATIONS

Our exploration of colon and endoscope simulation has yielded
an innovative deformation method, representing a leap forward
in visual fidelity and stability compared to preceding works. This
culminated in the development of a functional interactive applica-
tion. This platform enables us to enhance our algorithms’ output
by gaining professional insights. Additionally, our work allows
for creating patient-specific scenarios for simulating colonoscopy
while preserving physiological landmarks crucial for navigating
the endoscope within the colon environment.

While our method was designed to preserve the colon’s shape,
achieving this required simplification due to the intricate nature
of the organic mechanisms at play. To strengthen and validate our
results, a comprehensive comparative study involving actual defor-
mation is essential, especially in the context of medical training.
Undertaking such an endeavor is complex, and we envision ex-
ploring this avenue in our future works. Moreover, a crucial facet
of validation pertains to assessing the educational impact of our
approach. Remote education is a transformative prospect, particu-
larly in regions where educational centers are sparse and economic
disparities hinder access.

In addition to the highlighted contributions of our specific case
study, we emphasize the versatility of our deformation model, partic-
ularly the adaptable collision detection component. This adaptabil-
ity extends its utility to diverse scenarios involving the simulation of
tubular and deformable structures, encompassing upper endoscopy,
bronchoscopy, and angioscopy procedures. Furthermore, its ver-
satility extends beyond the medical field, making it suitable for
simulating scenarios in plumbing systems, subsea ducts, and other
situations where the insertion of a probe into either a flexible or
rigid tube and training is needed.
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() (b) (c) (d)

Figure 10: Progress of the endoscope insertion: (a) in the rectum where there is no perceived deformation; (b) the tip of the
endoscope bending to the right while pressing on the upper part of the sigmoid, which deforms in consequence; (c) the sigmoid
tightening that challenges the passage of the scope; (d) the scope moving towards the transverse colon, where entanglement
also occurs; and (e) the endoscope reaches the cecum. Note that the colon retains its overall position in the abdomen.

(

Figure 11: Comparison with an X-ray image demonstrates

e

the similarity of the resulting shape. The X-ray image by Figure 13: Warmer colors indicate the areas of higher com-
Lim et al. [2013] is available under the terms of the Creative pression between the colon and the endoscope. Letters a to d
Commons Attribution Non-Commercial License. mark the regions where medical literature [Kavic and Basson

2001] indicates higher chances of perforation, correlating
with our compression results.

(@ (b)

Figure 14: Rendering effects of the intra-colon environment.

Figure 12: Two types of loops typically occur during surgery, (a) depicts our final rendering with post-processing effects.
that need to be addressed by the surgeon (alpha-loop (right) In (b), a video frame from an actual colonoscopy [Pochapin
and inverted alpha-loop (left)). The formation of loops in 2011] is shown for comparison.

the sigmoid is critical in colonoscopy, representing 77% of
patient complaints related to pain [Shah et al. 2002].
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