2025 IEEE Conference on Virtual Reality and 3D User Interfaces Abstracts and Workshops (VRW) | 979-8-3315-1484-6/25/$31.00 ©2025 IEEE | DOI: 10.1109/VRW66409.2025.00141

2025 IEEE Conference on Virtual Reality and 3D User Interfaces Abstracts and Workshops (VRW)

Crack-Free Multi-Resolution Dynamic Volume Refinement for
Physics-Based Bone Drilling and Shaving in Arthroscopic Procedures

Mustafa Tunc* Doga Demirel®*
Google School of Computer Science,
University of Oklahoma

Department of Computer Science,

Tansel Halic®3
Intuitive Surgical Inc.

Sinan Kockara®*

Rice University

(a) (b)

(c)

Figure 1: (a)Surface mesh of the humeral head generated using the Marching Cubes algorithm, (b) Original 3D model of the
humeral head, (c) Sub-voxel creation at level -1 and (d) level -2. The white triangle indicates the haptic interaction point within the

scene.

ABSTRACT

Arthroscopy is a minimally invasive procedure used by orthope-
dic surgeons to diagnose and treat joint injuries. It involves using
a 2D fiber optic view from an arthroscope displayed on a moni-
tor, requiring high dexterity and practice. This study has two main
goals: to develop a virtual reality training platform called Virtual
Rotator Cuft Arthroscopic Skill Trainer (VIRCAST) for diagnosing
and treating rotator cuff tears, and to introduce a novel algorithm
for simulating bone shaving and drilling in arthroscopic surgery.
ViRCAST and its hardware components are described, and realistic
haptic interaction is achieved using Dynamic Proximity Hierarchy’s
multi-point collision detection. A dynamic resolution approach im-
proves haptic force feedback by generating finer voxels based on
proximity to the surgical tool. The bone drilling simulation ensures
smooth feedback even with coarse-resolution voxels. With a voxel
size of 1.2mm, execution time is 6 ms, while reducing the voxel
size to 0.54mm results in surface mesh creation in 34 ms and visual
rendering at 29 FPS.

Index Terms: Arthroscopic Rotator Cuff, Voxels, Arthroscopy,
Surgery Simulator, Dynamic Voxelization, Real-time Bone Drilling
Simulation.

1 INTRODUCTION

Arthroscopy is a minimally invasive surgical operation where or-
thopedic surgeons assess, diagnose, and treat injuries inside of a
joint space [29]. Arthroscopic rotator cuff repair is a surgical proce-
dure targeting the four muscles—supraspinatus, infraspinatus, sub-
scapularis, and teres minor—that link the upper arm to the shoulder
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blade [12]. SDuring the procedure, surgeons use pencil-sized in-
struments equipped with a small lens and light source, inserting
them into the joint to visualize the anatomy on a 2D monitor. The
live feed is provided by an arthroscope, a rigid fiber optic cam-
era with an integrated light source. Training for arthroscopic tech-
niques is particularly challenging due to the non-intuitive hand-eye
coordination, limited tool control, and a limited field of view [27].
Conventional models such as cadavers, apprenticeship model, and
mannequins are used for training [35, 2], but they are neither ef-
fective nor adequate. The most common model, the apprentice-
ship model where the novice surgeons carry out some parts of the
surgery [35]. This model bears risks for patients and has zero tol-
erance for mistakes. Physical bench models are valuable for prac-
ticing arthroscope and instrument navigation, however, they lack in
providing anatomical realism necessary for teaching joint anatomy
or assisting in surgical decision-making [28]. Compared to the tra-
ditional training methods, surgical simulators—whether virtual re-
ality (VR) or physical platforms—provide realistic, cost-effective,
and risk-free training environments, making them a superior alter-
native to traditional training methods.

VR-based medical simulations have gained popularity in medi-
cal education with the emergence of VR and haptic feedback de-
vices [31, 32]. VR training platforms provide surgeons with an af-
fordable and realistic way to enhance their manual dexterity [4, 6].
Additionally, these platforms enable user performance assessment
without requiring input from expert surgeons. VR-based teach-
ing methods are equally effective as direct observation, cadaver
models, and video-based learning tools [14, 17, 26]. In standard
arthroscopy, surgeons must master essential skills such as camera
navigation (camera dexterity and field of view) [10, 11], biman-
ual instrument control, scope adjustment, and object manipulation
[15, 22, 5]. Additionally, surgery-specific tasks for arthroscopic
rotator cuff repair like bone grafting, drilling anchor holes, and
inserting anchors into bone are critical components of the learn-
ing curve[l]. VR simulators offer an effective platform for both
instruction and evaluation [31], with the added benefit of provid-
ing haptic feedback during interactions between instruments and
anatomy. This allows for realistic and precise tactile sensations
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when performing tasks within the joint [26]. Bone shaving, burring,
and drilling are all essential tasks in arthroscopy, each requiring dy-
namic surface manipulation and real-time adjustments to 3D geom-
etry. Generating a dynamic surface is a computationally intensive
process that demands considerable computational resources. Inte-
grating haptic force feedback during contact, such as bone contact
with a shaver, further amplifies the complexity of this task. This
complexity arises from the necessity to deliver robust forces at ac-
ceptable execution rates, for instance, meeting the requirement of
a force computation frequency of 1 KHz, during real-time and dy-
namic surface modifications occurring when the surgical instrument
interacts with the bone (e.g., during bone drilling, shaving, or bur-
ring) within a VR scene. This multifaceted problem constitutes the
most challenging issue in VR-based surgery simulations and acts
as a constraint for real-time performance. In a virtual environment,
volumetric models such as bone or tissue are represented by voxels
occupying cubic volumes. Voxels serve as 3D representations of
pixels in 3D space and are preferred for encapsulating volumetric
spaces as they capture both internal and external structures, unlike
surface models that only depict outer surfaces without internal con-
tent.

The objective of this study is to devise an efficient algorithm ca-
pable of dynamically updating surfaces, managing collisions, and
calculating robust force feedback in real-time. Tactile feedback
essential for perceiving touch and drilling sensations is computed
based on the interactions between voxels and the surgical tool.
Achieving precise 3-D representations and force feedback neces-
sitates small voxel sizes (V.S), thereby imposing significant com-
putational demands on the system. To address this challenge, we
propose a novel method that dynamically generates small voxels
based on the instrument’s distance to the bone. The proposed ap-
proach has been implemented and tested within the Virtual Rotator
Cuff Arthroscopic Skill Trainer (ViRCAST). [6, 11] simulator.

2 BONE INTERACTION SIMULATIONS

The majority of literature on bone shaving, burring, and drilling
simulations in VR originates from dental procedure simulators. The
prevalent approach involves representing shapes with volumetric
structures called voxels, which can be removed upon contact, fol-
lowed by surface reconstruction algorithms such as MC [23] for
polygonal surface visualization.

Wang et al. [33] proposed iDental, a prototype system incorpo-
rating real-time drilling simulation using a PHANToM haptic de-
vice, which could replicate several manual dexterity exercises and
provide force feedback. To address instability from vanishing con-
tact during drilling, they devised a method that removes overlap-
ping voxels and redefines boundary voxels, enabling accurate force
feedback Wu et al. [34] proposed a drilling simulation using 0.1
mm voxels and CT images for multi-material tooth modeling, en-
hancing realism in dental surgery. The collision detection algorithm
used, similar to Wang et al.’s [33] method, used boundary voxels
for force feedback and interior voxels for material removal. It cal-
culated tactile feedback based on the drill’s movement and trans-
mitted the cumulative forces to the haptic device. Morris et al. [24]
developed a temporal bone dissection platform using 3D models
generated from patient-specific CT data. A 6-DOF haptic feedback
system guided the removal of drilled voxel regions and redundant
triangles. Petersik et al. [25] conducted a petrous bone surgery sim-
ulation using multi-point collision detection and CT-scan images to
generate a 3D model, with point clouds on the drill’s surface guid-
ing collision determination and force feedback calculation.

Achieving a balance between precise force feedback and ac-
ceptable visual rendering remains to be a major challenge. Ex-
isting methods utilize static V.S, which struggle to maintain the
precision of tactile sensations alongside real-time performance, as
small VS—required for accuracy—substantially increase computa-

tional demands. Additionally, all current methodologies [33, 34,
24, 25, 30, 3] rely on the MC algorithm [23] for isosurface ex-
traction. MC is the de facto standard for isosurface extraction in
voxel-based methods, but it has inherent limitations. A notable is-
sue is the “hole/crack problem,” which arises from approximating
isosurfaces with polygonal meshes [9]. This can result in cracks,
particularly along curved surfaces, due to inconsistent vertex inter-
polation across adjacent cubes. These cracks lead to missed colli-
sions and inconsistent force feedback, undermining the realism and
plausibility of the simulation. To the best of our knowledge, previ-
ous works have not effectively addressed this issue. To resolve both
the fixed VS and the crack problem, we propose a dynamic vox-
elization algorithm that adjusts voxel resolution based on the prox-
imity of the medical instrument to the bone. This approach allows
for efficient real-time updates while ensuring smooth and contin-
uous force feedback, representing a significant improvement over
existing methods. The dynamic proximity hierarchy (DPH) adap-
tively generates smaller voxels near the drill, thereby significantly
reducing mesh cracks and enhancing the precision of force feed-
back, while simultaneously rendering bone surfaces with smooth,
high-resolution triangle meshes.

3 METHODS
3.1 VIiRCAST

The ViRCAST hardware interface replicates a patient’s shoulder
and the setup of an operating room for shoulder arthroscopy proce-
dures. It includes a frame structure resembling an operating table, a
mannequin arm with surgical portals, a monitor for visualizing the
shoulder’s operational area, and authentic surgical instruments, en-
hancing realism for trainees. Fig. 2 depicts the integrated hardware
component of the platform.

In the simulator, trainees can navigate a shoulder model using a
real arthroscope connected to a Geomagic Touch haptic device (see
Fig. 3a). VIRCAST uses a modified arthroscope with two rotational
encoders for independent control over the arthroscope rotation and
the light source, enabling seamless motion detection and translation
to the virtual environment. The interface also supports attaching a
probe to the haptic device and motorized instruments like the shaver
and burr, controlled by buttons fixed on the instruments. 3D-printed
interfaces connect the instruments to the haptic device and buttons,
with each button and encoder connected to an Arduino Uno for au-
tonomous operation. Input values are read at a baud rate of 9,600
and transmitted to the simulator, where they are parsed and exe-
cuted for functions like camera rotation or shaver activation.

In rotator cuff repair surgery, the initial step is to locate and as-
sess the tear, which VIRCAST simulates using a 3D supraspinatus
model with a crescent-shaped tear. We used Nvidia’s PhysX to sim-
ulate the soft tissue structure of the tear, allowing trainees to probe,
manipulate, and assess the tear. The tear exhibits elastic behav-
ior but is laterally constrained to prevent movement away from the
midline, ensuring realistic deformation while remaining connected
to the humeral head.

Ensuring visual parity between actual surgery and simulation
is crucial, achieved using physically based rendering (PBR) tech-
niques. A spotlight affixed to the arthroscope illuminates the scene,
and PBR calculations, based on the spotlight’s parameters and the
bidirectional reflective distribution function (BRDF), account for
light directions, surface normals, and microfacet roughness, with
textures containing surface parameters. As surface parameters in-
fluence the appearance of objects at specific points on a 3D model,
we incorporate textures containing surface parameters for each sur-
face pixel into the PBR pipeline.

In arthroscopy, procedures such as shaving and drilling can
lead to bleeding, necessitating to control the bleeding through ad-
justments in fluid pressure or electrocautery. ViRCAST utilizes
smoothed particle hydrodynamics (SPH) to simulate continuous
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Figure 2: VIRCAST Simulator - showing the simulator’s view, shoul-
der mannequin, surgical portals (a. Anteroinferior (5 o’clock), b. Pos-
teroinferior (7 o’clock), and c. Lateral Subacromial), and haptic de-
vices attached to surgical instruments.

fluid flow and heat transfer within a single framework, crucial for
maintaining a clear camera view and cooling the surgical volume
during electrocautery in real-time [8]. This helps to accurately sim-
ulate the fluid motion of the irrigation solution and the associated
heat transfer mechanisms of conduction and convection within the
shoulder cavity.

Simulating bone deformation during the drilling of a suture an-
chor into the humeral head in arthroscopic rotator cuff surgery
poses several computational challenges in VR, such as regenerat-
ing the 3D mesh, providing force feedback, detecting collisions,
and ensuring real-time rendering. Volumetric 3D models using
voxels are widely employed due to their ability to represent vol-
ume changes with advantages in surface construction, haptic inter-
action, and memory efficiency, albeit requiring significant compu-
tational resources for accurate geometric representation with small
V' S. To address the challenges associated with existing voxel-based
approaches for simulating rigid and deformable body interactions
requiring frequent volume changes such as dissection or drilling,
we propose a novel method utilizing DPH [21, 20] to enhance
voxel-based simulations of rigid and deformable body interactions.
DPH allows for dynamic adjustment of V.S based on interactions
with the drill object, ensuring accurate haptic force feedback cal-
culation and efficient simulation of anchor placement tasks in ViR-
CAST.

3.2 Voxelization

A voxel functions as a three-dimensional counterpart to a pixel,
crucial for generating detailed interactions and enabling accurate
force feedback in volumetric environments, unlike surface models
which lack internal content. Each voxel contains data such as its
center, size, and additional properties like bone density in surgical
simulations or color values in gaming environments. By focusing
computational resources on regions relevant to drilling and shaving
procedures within the humeral head model, we aim to significantly
improve simulation performance. This voxelization process begins
with establishing axis-aligned bounding boxes and placing voxels
based on ray projections, ensuring efficient balance between sim-
ulation accuracy and visual rendering capabilities through careful
VS selection.

3.3 Dynamic Proximity Hierarchy

Following voxelization, organizing voxels into three-dimensional
arrays is essential, yet for efficient simulation, a robust hierarchy
like DPH [21, 20, 7] is crucial for rapid calculations at runtime.
In ViRCAST, we employ DPH for collision detection and multi-
resolution haptic rendering, utilizing its spanner tree hierarchy to
manage voxel interactions within our volumetric models. Origi-
nally designed for soft bodies and deformations, DPH dynamically
updates to accommodate changes in mesh structures, though our
bone drilling simulation focuses on rigid bodies without elastic de-
formation. Instead, we adapt DPH’s dynamic proximity tracking to
optimize voxel-based scenarios, modifying nodes to enhance sim-
ulation accuracy while maintaining DPH’s fundamental properties
[21].

Voxels generated based on the features outlined in [21, 20] serve
as the base nodes (level 0) for DPH construction. Fig. 3 illustrate
the hierarchical process using a 2D example with squares represent-
ing voxels, and an expansion ratio & = 3, five nodes (Vo =7,8,V| =
8,8,V, =9,8,V3 =9,7,V4 = 10,6) are positioned at level 0, shown
as red squares in Fig. 3. During DPH construction, the level 0 vox-
els (Vo) are directly inserted as nodes at the lowest level (level0),
which corresponds to the highest resolution. The VS at this level are
designated as E0 = 1. The locations of the level 0 nodes (voxels) are
shown by the red squares in Fig. 3.

Hierarchy construction proceeds by building the second level,
starting with the selection of a randomly chosen node at level 0. 1t’s
worth noting that varying the random ordering will result in dif-
ferent yet equally effective hierarchies. Since Vj) does not require
an expansion calculation due to the absence of level 1 nodes in the
hierarchy, a new node, Vyy, is generated. This new node uses the
same center as V; and occupies &! = 3 cells (depicted by the black
square in Fig. 3a). Moving on to Vi, as its center lies within the
parent voxel Vyy, it automatically becomes a child of Vyq and is
thus skipped. Subsequently, V; is evaluated, finding that it is not
yet covered by any black voxel (representing upper-level voxels).
Therefore, it expands to the next level by creating Vy, utilizing the
same location as the center of the upper-level voxel (as illustrated
in Fig. 3b). V3 is designated as a child of Viy; due to its center being
within it. Lastly, V4, not situated within any of the level 1 voxels,
expands to the upper level, Vy; (see Fig. 3c). With no nodes left at
level 0, construction of level 1 is complete. Next, the assembly of
level2 begins. We begin by checking the first node in the level, 1
list. Vyq generates its level 2 node, V by, with a parent node at V.S
£2 =9, using its center (as shown by the blue square in Fig. 3d).
Since the remaining level 1 voxels are already covered by V by, they
are assigned as Vbg’s children. The hierarchy construction con-
cludes with only one node (voxel) at this level, designating it as the
root node of the hierarchy. DPH creation exhibits a time complexity
of O(nlogn), where n represents the number of voxels.

Bone voxels with colors representing different levels in the DPH
structure are depicted in Fig. 4 - red (level0), yellow (levell),
green (level 2), blue (level 3), and purple (level 4). The purple voxel
(Fig. 4a) serves as the root node, covering the entire model as the
sole node at its level.

3.4 Surface Creation

Realistic visualization is crucial for simulation validity, especially
in surgical contexts. Although direct volume rendering of voxels is
used in certain applications, it often fails to deliver realistic visual-
ization in surgical simulations, even when utilizing very small VS.
Transfer functions for shading [18, 19] and real-time surface gen-
eration algorithms are essential to avoid blocky voxel rendering.
Methods like MC [23], Surface Nets [13], and Dual Contouring
[16] are commonly used for surface extraction. Marching Cubes
is utilized as the standard isosurface extraction algorithm, ensuring
accurate polygonal surface visualization post-interaction in surgical
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Figure 3: (a)Insertion of level 1 nodes at {7,8} (b) {9,8}, (c) {10,6} into the hierarchy, (d) insertion of the level 2 voxel into the hierarchy.

(d)

(e)

Figure 4: Steps for hierarchy assembly from (a) level 0 to (e) level 4.

scenarios.

MC algorithm relies on precise iso-value distribution to extract
robust surfaces by creating triangles within each voxel based on
iso-values assigned to its corners. After generating the DPH hier-
archy, we assign iso-values to /evel O voxels and ensure the entire
3D geometry is represented accurately without shrinking at bound-
aries. During MC execution, triangles are generated voxel by voxel,
forming a complete mesh stored with vertex positions for accurate
spatial representation. To address square faces and sharp edges,
we employ Laplacian smoothing using vertex neighbors stored in
a hash table. This smoothing process enhances visual fidelity by
eliminating bumps and sharp edges, as depicted in Fig. la and
Fig. 1b. By forwarding all edge voxels to MC and ensuring ver-
tex indices match, we prevent surface cracks, crucial for realistic
force feedback in haptic interactions during surgical simulations.
This regeneration process occurs dynamically with changes in the
hierarchy, updating voxel status and preserving hash table values
for efficiency.

To analyze and quantify the cracks, we implemented a spe-
cialized method. The primary approach for counting cracks in-
volves calculating the percentage of cracks visible on the screen. A
double-sided shader was utilized to visualize the cracks, producing
a white color for triangles facing the camera and a red color for tri-
angles facing away. Then screenshots of the models are taken from
all the angles from 6 sides on a black background. White pixels
represent the surface of the humerus, while red pixels indicate the
interior surface exposed due to cracks on the outer surface. To cal-

698

culate the visible crack value, the coverage of red pixels on the sur-
face is determined. Black pixels, representing the background, are
excluded from the calculation. The remaining counts of white and

red pixels are then used to calculate crack coverage over all surface

. ixel,
area using the formula: pixel,fdﬁ-iprie;ew
coverage on both surfaces (MC vs. DPH), pixel values from each
image were analyzed. The red pixels covered 10.945% of the sur-
face generated by the MC algorithm, compared to only 0.025% for
the surface produced by the DPH approach. These results demon-
strate that our method significantly reduces surface cracks, yield-
ing approximately 437 times fewer collision misses compared to
the widely used MC algorithm. This reduction in collision misses
greatly enhances the realism of real-time simulations. Cracks or
holes in the surface lead to missed collisions, which in turn prevent
the generation of force feedback. When a collision is finally de-
tected in crack-free regions, it causes a sudden force feedback jump,
leading to abrupt force fluctuations. Additionally, a higher number
of surface cracks can result in erratic and jagged haptic force feed-
back. Therefore, minimizing surface cracks leads to smoother and
more consistent force feedback, improving the overall plausibility
of the simulation.

x 100. To evaluate crack

3.5 Collision Detection and Haptic Force Feedback

Ensuring realistic haptic rendering requires precise collision de-
tection between the bone and surgical tools, crucial for accurate
force transmission at haptic rates (around 1 kHz) [22], as detailed in
Fig. 1c and Fig. 1d. Optimal VS are essential for achieving accu-
rate bone drilling simulations, balancing resolution with real-time
performance constraints. While smaller voxels enhance accuracy,
their real-time implementation challenges are addressed through
dynamic resolution adjustments based on surgical instrument prox-
imity. The octree algorithm is employed alongside DPH to dynam-
ically adjust voxel resolution beyond /evel 0, ensuring both compu-
tational efficiency and precise force feedback calculation, as illus-
trated in Fig. Sa.

The trade-off between V.S impacts both performance, graphics
quality, and force calculation accuracy. Larger voxels enhance com-
putational efficiency but may compromise precision. Default reg-
ular VS are used with dynamic adjustments for optimal resolution.
DPH doesn’t support additional hierarchy at level 0, necessitating
the octree algorithm to dynamically adjust voxel resolution deeper
than level 0 in real-time (Fig. 5a). Base nodes are divided into
smaller voxels up to two additional levels based on proximity to
the surgical instrument, generating up to 64 octree nodes. The oc-
tree depth is defined by D = max(0,L — 2) where L is the node
level in DPH. Fig. 1c and Fig. 1d illustrates this process with white
(levels — 1), green levels — 2, and pink /evels — 3 voxels. Octree
nodes remain active as long as the instrument is near /evel0 voxels;
nodes are deleted after a designated timeout period to manage mem-
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(a) (b)

Figure 5: (a) Depiction of the drilling tool geometry, (b) surface of the
humeral head post-drilling.

ory efficiently, based on spatial and temporal coherence (Fig. 1c and
Fig. 1d).

We adopted a modified multi-point method for virtual drill tools
inspired by Wu et al. [34], replacing points with voxelized mod-
els of both the tool and tooth. Collision detection focuses on edge
voxels of the tool and tooth model voxels, triggering force calcu-
lation and material removal, respectively. This approach ensures
continuous force feedback across the entire tool surface, enhanc-
ing computational efficiency with a two-layer sphere model for the
drill instrument. The inner layer handles material removal within
the tool’s spherical volume, while the outer layer acts as a cushion,
minimizing force discontinuities (Fig. 5a). Grid-shaped bone vox-
els are depicted in orange (/evel 0) and purple (level — 1), with black
lines that outline the geometry of the drill tool and a red circle rep-
resenting the outer layer of the tool’s tip. Cyan voxels between the
layers are used for force calculation, with arrows indicating their
normal directions towards the tool’s center.

The direction of the force was determined by summing the di-
rection vectors from the centers of the voxels within the collision
space between the two spheres. The direction vector is defined as:

ZZ:] (CTool - CVoxelk)
}22:1 (CTool - CVoxelk> ‘

where Cr,,; is the center of the tool, Cyoxel, and n are the cen-
ter of the kth voxel and the number of the sub-zero level voxels
between the two layers. The force magnitude was determined by
estimating the maximum number of voxels that fit between the lay-
ers and counting those within the collision space in each simulation
frame. This estimation is precomputed as follows:

(€Y

Fiirection =
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min

where r, is the radius of the outer sphere, r; is the radius of the
inner sphere, v, is the minimum V'S at below zero levels, c is a
material-specific constant, and N,y is the maximum force the hap-
tic device can exert (3.3N). These calculations result in the final
force measure transmitted to the haptic device, which is calculated
as: F = Mﬁdirecﬁon. We introduced a unitless density attribute d
for bone voxels to indicate drilling difficulty, initialized as an inte-
ger. Each drilling operation reduces this value (d — 1), and when a
voxel’s d < 0, it is removed from the hierarchy. Fig. 5b illustrates
snapshots of the humeral head at different stages of drilling.

4 RESULTS

For each data recording trial, we carried out two runs of the drilling
simulation tests: first with our dynamic resolution algorithm en-
abled, using various VS, and then with the algorithm disabled. The
drilling path was procedurally defined, starting from two surgical
portal locations: Anteroinferior (5 o’clock) and Posteroinferior (7
o’clock), as shown in Fig. 2. The instrument followed these paths

while drilling into the bone at a 45-degree angle. Moving from the
outer edge of the humeral head to the most distant point on the path,
the virtual drill moved at a constant speed, with each path taking
seven seconds to trace and record force data. The force data was
logged for analysis. Throughout the sessions, the inner sphere of
the drill maintained a constant size, with a diameter of d = 2.92mm.

The initially generated volumetric bone model had a low resolu-
tion of (VS) = 1.2mm. In the case of dynamic-resolution, we ap-
plied a 2 — [evel division of the base voxels. When the tool moved
near the bone, the closest voxels increased in resolution by form-
ing an octree with a depth of 2. As a result, although we initially
had a VS of 1.2mm, the actual size used for force calculation was
1‘22# = 0.3mm. Another experiment performed with the 1 — level

division yielded 122% = 0.6mm sub-VS. Fig. 6 shows the force
plots for static and dynamic VS with 1— and 2 — level divisions at
two different portals, respectively.

After the experiment with 1.2mm voxels, we reduced the VS
to 0.9mm. When we increased the voxel resolution, we determined
that generating more than 1 level below zero level voxels was neces-
sary as VS picked was small enough to provide smooth force feed-
back, which was %2 — (.45 mm. Fig. 7 demonstrate the force
plots for the 0.9mm VS in both drilling directions.

The final experiment was for the V'S 0.72mm with doubled res-
olution, resulting in a V'S of % = 0.36mm. In the simulation,
we utilized three separate threads for collision detection, and visual
and haptic rendering. For all experiments, the haptic and collision
detections threads were updated at a rate of 1 KHz to avoid unneces-
sary computations and ensure synchronization for consistent force
feedback. Each time a voxel was removed from the hierarchy, the
triangle index buffer was recalculated which slowed down the vi-
sual rendering thread. Mesh extraction time was influenced by both
the VS and the amount of voxels. Tab. 1 presents the VS, average
mesh regeneration time and average FPS for graphics rendering.

4.1 Discussion

As shown in Fig. 6 through Fig. 8, we obtained consistent drilling
force values using static and adaptive voxels. The graphs demon-
strate the increases and decreases in force magnitude resulted
within comparable time periods. This indicates that the drill posi-
tions were accurately aligned within the bone during the recording
of the force data. Upon examining the force plots (Fig. 6 - Fig. 8)
for fixed-size voxels, it is evident that larger V.S led to more sig-
nificant fluctuations in force compared to smaller VS. From Fig. 6
to Fig. 8, the change in force values between the 2nd and 5Sth sec-
onds was approximately 0.5N, 0.3N, and 0.1 N, respectively. As
a result, smaller VS produced smoother force feedback than larger
ones.

Tab. 1 presents the initial number of voxels, triangles, and ver-
tices extracted when the simulation began. Mesh regeneration in-
volved several subroutines, such as smoothing and updating vertex
normals, each with varying execution times. The details of these
mesh generation sub-tasks and their respective execution times are
shown in Tab. 2.

Compared to the static method, dynamic method generating
smaller voxels for force computation resulted in reduced jitter and
sudden jumps. Fig. 6b and Fig. 7b illustrate the differences between
the two approaches. The adaptive voxel method provided smoother
and more stable force feedback as the VS decreased. When we
reduced the VS from 1.2,mm to 0.72,mm, the sudden jumps and
fluctuations in force almost disappeared. Additionally, generating
new voxels with level < —1 (creating an Octree with depth < 2)
resulted in even smoother force feedback, even though the initial
larger VS. Fig. 6 shows the smoother force feedback produced at
level —2 compared to level — 1 voxels.

VS didn’t have an affect on the force calculation (collision de-
tection) and haptic threads as they remained around 1 KHz at all
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Comparison of Static and Dynamic Voxel Approach at 5 O'clock Portal with Voxel Size 1.2 mm

@

Figure 6: Static and dynamic voxel approach comparison for VS =
1.2mm: (a) at 5 o’clock portal and (b) at 7 o’clock portal.

times. The main bottleneck was updating the triangle index buffer
and mesh smoothing. For instance, when testing with V.S = 1.2 mm,
the mesh replacement required 6ms , where as VS = 0.54 mm re-
quired 34ms. This reduced the FPS for visual rendering from
L%j =166to | 1(3)29"’;"Yj =29. For smooth rendering, the graph-
ics update rate needs to be at least 24, Hz. Regardless of dynamic
or static force computation method, the smallest VS that could ini-
tially be used was 0.54,mm. Mesh construction used base voxels
(level = 0) in both methods, so applying dynamic or static resolu-
tion did not affect mesh creation.

In conclusion, the force plots in Fig. 6 -Fig. 8 along with the
results in Tab. 1 - Tab. 2 showed that: 1)As expected, smaller vox-
els provide smoother force feedback than larger voxels, regardless
of dynamic or static force computation method, 2) For force com-
putation, dynamically generated voxels produce smoother forces
(making the simulation more realistic) compared to static-size vox-
els, 3)Generating voxels with /evel = —2 in the Octree resulted in
even smoother forces with the dynamic resolution method, 4)The
smallest V'S that could be used for acceptable visual rendering was
0.54,mm, 5) Triangle mesh generation time was consistent for a
given VS, irrespective of the force computation method used..

Table 1: Comparison of VS size for mesh generation times, FPS, and
the number of voxels, triangles, and vertices.

Vs Mesh FPS # of | # of Triangles | # of Vertices

(mm) Gen- Voxels Extracted Extracted
eration
Time(ms)

1.2 6 166 1674 1732 868

0.9 14 71 4569 3736 1870

0.72 20 50 7747 5400 2702

0.54 34 29 15457 9212 4603

Comparison of Static and Dynamic Voxel Approach at 5 O'clock Portal with Voxel Size 0.9 mm
—oynamicvs
—staticvs

Comparison of Static and Dynamic Voxel Approach at 7 O'clock Portal with Voxel Size 0.9 mm

——DynamicVs

——sStatic Vs

Figure 7: Static and dynamic voxel approach comparison for VS =
0.9mm: (a) at 5 o’clock portal and (b) at 7 o’clock portal.

Table 2: VS vs. mesh generation execution times.

Execution Step VS=0.54mm| VS=0.72mm| VS=0.9mm| VS=1.2mm

MC and Triangle 15ms 9ms 6ms 2ms
Creation
Mesh Smoothing 13ms 8ms Sms 2ms

with  Laplacian
Algorithm 2
iterations)

Updating Triangle 2ms Lms Lms Lms

and Vertex Nor-
mals

Clearing Hash Ta- 4ms 2ms 2ms Lms
ble Values
Total Execution | 34ms
Time

20ms 14ms 6ms

5 CONCLUSION

In this study, a virtual arthroscopic rotator cuff surgery simulator
(ViRCAST) and its integrated hardware components are presented.
Additionally, a virtual bone drilling simulation for arthroscopic ro-
tator cuff surgery is introduced, facilitated by a multiresolution ap-
proach for haptic rendering. The humerus bone structure was cre-
ated using a soft kinetic data structure called Dynamic Proximity
Hierarchy (DPH). By utilizing DPH, a multiresolution marching
cubes algorithm with various VS at different hierarchical levels was
generated, enhancing both broad and narrow phase collision detec-
tion.

The proposed approach ensures smooth force feedback even with
coarse voxel representation of the bone geometry. Furthermore, for
the drilling simulation, visual rendering of the humeral head was
improved by applying the multiresolution model for surface genera-
tion, alongside multi-pass Laplacian smoothing for better geometric
fitting. Integrating negative levels of DPH with an Octree represen-
tation enabled the efficient generation of higher resolutions (smaller
voxels), thereby achieving real-time performance and robust, high-
fidelity force feedback for bone drilling and shaving tasks in virtual
reality environments.
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Figure 8: Static and dynamic voxel approach comparison for VS =
0.72mm: (a) at 5 o’clock portal and (b) at 7 o’clock portal.
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