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ABSTRACT

Research on augmented reality (AR) for knee arthroscopy has not adequately focused on knee flexion during surgery. To overcome

major AR errors caused by knee movement, this study presents an association model between the finite-element models of the

knee surface and bones to enable dynamic anatomy modelling. The association model allows the displacement of the knee surface

elements and the reaction force of the bone elements to interact with each other. During knee flexion, the real-time shape of

the knee is captured with a colour and depth camera, and the association model deforms accordingly from the extension to the

flexion state. The proposed model was evaluated using computed tomography data from the knees of six participants. The results

showed that the association model successfully compensates for the movement of the femur and tibia within an error margin of

only 3.85 mm around the drilling area. The proposed model could therefore enable effective AR-based surgical navigation during

knee surgeries.

1 | Introduction

Minimally invasive knee arthroscopy is beneficial for small
incisions and rapid patient recovery. However, a study that
investigated over 90,000 knee arthroscopy cases reported a total
complication rate of 4.7%, with surgical complications being
the most common [1]. In particular, the complication rates for
posterior cruciate ligament (PCL) and anterior cruciate ligament
(ACL) reconstruction were 20.1% and 9.0%, respectively. These
high complication rates results from the difficulties in performing
precise femoral and tibial tunnel drilling, a critical procedure for
connecting artificial ligaments between the femur and tibia [2].
For ACL reconstruction with independent or transtibial femoral
tunnel drilling techniques, drilling errors range from 3 to 12 mm
[3-6]. Our study aims to enhance drilling accuracy in ACL and

PCL reconstructions via augmented reality (AR)-based surgical
navigation to guide the surgical instrument to the preoperatively
determined drilling positions.

In ACL and PCL reconstruction, preoperative computed tomog-
raphy (CT) or magnetic resonance (MR) scans are acquired
to identify the femoral and tibial footprints and create three-
dimensional (3D) virtual knee models. However, CT or MR is
typically performed with the knee in the extension state, whereas
surgery is performed with the knee in the flexion state to facilitate
the entry of drilling instruments. Thus, using a virtual knee model
reconstructed from preoperative CT or MR leads to significant
AR errors. In previous studies on surgical navigation for joint
surgeries, invasive markers have been fixed to the bone to reduce
AR errors due to anatomical changes [7-12]. However, such

Abbreviations: ACL, anterior cruciate ligament; AR, augmented reality; CT, computed tomography; FEM, finite-element method; fps, frames per second; LCL, lateral collateral ligament; MR,
magnetic resonance; MCL, medial collateral ligament; PCL, posterior cruciate ligament; RGBD, red-green-blue-depth; 3D, three-dimensional; TRE, target registration error.
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methods cause damage to the bone that does not typically occur
in standard arthroscopy, thereby contradicting the principle of
minimally invasive arthroscopy.

Recently, some studies have introduced AR in knee arthroscopy
without invasive markers. Ma et al. [13] implemented simultane-
ous localization and mapping algorithm in the operating room
by attaching a stereo camera and an inertial sensor to the rear of
the arthroscope, enabling real-time tracking of the arthroscope.
Shu et al. [14] reconstructed dense 3D maps of the internal knee
structure using a monocular depth estimation and simultaneous
localization and mapping algorithm, and were reported to achieve
high registration accuracy. Wang et al. [15] utilized the built-in
object tracking capability of a head-mounted display to eliminate
the need for invasive markers in navigation for ACL reconstruc-
tion. Despite these advances, all of the above methods did not
consider the knee flexion or anatomical structure changes during
surgery. Chen et al. [16] proposed a tissue properties-based model
deformation method to update knee movements in AR during
surgery. However, this approach requires manual selection of
more than four anatomical points in the arthroscopic view for
each knee movement, which is inconvenient and interferes with
surgical procedures.

In this study, we visualized real-time knee flexion by analysing
the relationship between the knee surface and bones using the
proposed association model, which is based on the finite-element
method (FEM). The knee surface and bone models consist of
isotropic linear elastic hexahedral and tetrahedral finite ele-
ments, respectively. These finite elements exchange displacement
and force information, allowing for efficient association model.
During surgery, the extension state of the association model is
deformed to the flexion state using data from a red-green-blue-
depth (RGBD) camera as a constraint.

Recently, finite-element models of joint tissues such as cartilage,
meniscus, ligaments, tendons, and muscles have been proposed
[17]. While these models simulate the operation of individual
tissues realistically, no study has yet considered the entire knee
joint motion. In the field of laparoscopy, some researchers have
proposed FEM-based simulation [18-20], where internal struc-
tures such as vessels deform according to the surface deformation
of the organ. These simulations have shown close agreement
with actual abdominal organ deformations, thus providing the
theoretical basis for our association model. However, unlike
vessels, the femur and tibia are hard tissues and are anatomically
distinct. To the best of our knowledge, no study has defined the
association between the finite elements of the knee surface (soft
tissue) and the bone (hard tissue). To validate our method, we
used in vivo knee CT data from six participants, acquired in both
the extension and flexion states.

2 | Methods

2.1 | CT Scan and Finite-Element Model
Construction

CT scans of six male participants (two with left and four with right
knees) were acquired in both the extension and flexion states.
The data acquisition process was approved by our institution’s

ethical committee (IRB No. DGIST_20201103_HR_100_01). All
participants written consent before the CT scan. In the extension
state, a CT scan was acquired with the participant lying in a
supine position. In the flexion state, since the knee could not
fit into the CT machine in the supine position, the scan was
performed with the participant in the left lateral decubitus posi-
tion. To avoid surface deformations caused by pressure unrelated
to knee flexion, the right knee joint was slightly lifted off the
table (Figure 1). The average weight of the participants was 72.3
+7.5 kg. Each extension-state scan was used as the preoperative
image, and the flexion-state scan was used as the reference to
evaluate the proposed association model. The DICOM images
were segmented and transformed into 3D virtual models using
3D Slicer (https://www.slicer.org) [21].

We constructed individual finite-element models of the knee
surface, femur and tibia based on the virtual models in the
extension state. For the femur and tibia, we used the following
form of the tetrahedral co-rotational finite-element [22] methods:

F=K-(x—%) > F=RK-(R'x-x) €))

In the equation, F represents the force applied by the deformed
element to its sampling points, and K represents the stiffness
matrix. X and x,, are the current and initial positions, respectively.
Matrix R encodes the rotation of a local frame with respect to
its initial orientation and is updated at each simulation step.
The co-rotational method separately calculates the deformation
of linear elastic elements under rigid rotational and stretching
motion, preventing the growth artefact typically seen when
simulating large rotational motion with a general linear method.
Due to the significant rotational motion between the femur
and tibia during flexion, the use of co-rotational elements is
essential. We selected the QR decomposition-based approach [23]
among various co-rotational methods [24, 25] due to its higher
computational efficiency.

As the number of elements increases, each simulation step
requires more computational time. Therefore, we reconstructed
the surface mesh of the femur and tibia with edge lengths of
20 mm to reduce the number of elements. Next, the interior
of the femur and tibia were filled with tetrahedral elements
using the finite-element mesh generator Gmsh (www.gmsh.
info). Consequently, each participant’s femur and tibia models
comprised approximately 400 to 700 elements. The Young’s
modulus and Poisson’s ratio of the bones were set to 1500 MPa
and 0.3, respectively, based on a previous study [26].

For the knee surface, hexahedral elements [27] were used instead
of tetrahedral element as they enhance computational efficiency
by offering easier control over the number of elements. The
knee surface model was composed of 7 (width) X 7 (length)
X 300 (height) elements. For the interpolation between the
knee surface model and the hexahedral elements, the natural
coordinate system was used for simplified computation. The
relationship between world and natural coordinates was defined
using the Jacobian operator. As with the femur and tibia, linear
elasticity was assumed, and the QR decomposition-based co-
rotational approach was applied. Non-linear elasticity was not
considered because it reduces real-time performance, requiring
the model’s stiffness matrix to be updated at every simulation
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FIGURE 1

| CT scan environment of the knee. (a) Extension state. (b) Flexion state.
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FIGURE 2 | Association model between knee surface and bones. (a) The finite-element models of the knee surface and bones exchange

displacement and reaction force information with each other. (b) Collateral ligaments are integrated into the association model.

step. The Young’s modulus and Poisson’s ratio were empirically
set to 1 MPa and 0.3, respectively, due to the mixed properties of
diverse soft tissues.

2.2 | Association Model for Dynamic Anatomy

The association model maps the motion of the knee bones accord-
ing to the deformation of the surface (Figure 2). To implement
the association model, we advanced the previous deformable
simulation method used in the liver [18-20] to accommodate
our situation. Before deformation, each vertex of the tetrahedral
elements of the bone model was mapped through interpolation
from the surrounding vertices of the hexahedral element of the
surface model. To balance modelling accuracy and computational
efficiency, we assumed that the knee bones and surrounding
soft tissue are strictly connected, no relative motion occurs, and
the mapping relationship remains constant. In each simulation
step, external forces move the hexahedral elements, and the
pre-defined mapping relationship propagates the corresponding
displacement to the internal tetrahedral elements of the bone.
Consequently, the elastic reaction forces generated by the dis-
placement of the tetrahedral elements are inversely propagated
to the surrounding hexahedral elements (Figure 2a). In addition,
hierarchical bounding volume-based collision control [28] was
used to prevent overlap between the bone models. Since the femur
and tibia do not make direct contact and are separated by soft

tissues, collision forces are generated when the models are within
10 mm of each other.

The lateral collateral ligament (LCL) and medial collateral liga-
ment (MCL) in the knee prevent sudden movements of the femur
and tibia during flexion. The LCL resists medially directed forces
that tend to push the knee outward. In contrast, MCL resists
laterally directed forces that tend to push the knee inward. The
proposed association model contains two first-order polynomial
springs to replicate the function of the LCL and MCL (Figure 2b).
Two springs are used to prevent sudden movements of the femur
and tibia during deformable simulations, which may be caused by
unintended inward or outward forces. The attachment position
of the springs was determined by an expert orthopaedic surgeon
based on the extension-state CT scans. For the best simulation
results, the stiffness constant of the springs was empirically set to
1000 N/mm and their initial length was set to the ligament length
in the extension state.

2.3 | Knee Flexion Simulation With Association
Model

Figure 3 illustrates the association model-based deformation and
the real-time AR visualization process. The 3D depth information
of the knee surface was segmented from the RGBD camera data
using the segment anything model (SAM, Meta Al, USA). For
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FIGURE 3 | Overall process of association model-based deformation and real-time AR visualization.

the initial registration between the segmented 3D depth infor-
mation and the association model’s surface, we used the iterative
closest point algorithm [29]. Based on the registration result, the
magnitude and direction of the external forces were estimated.
During deformation, the association model was overlayed on the
RGBD camera view to obtain the AR-based surgical navigation
[30, 31]. The ArUco marker [32] and the OpenCV (https://
opencv.org/) library were utilized to track the real-time pose of
the surgical instrument. ArUco markers are widely adopted in
surgical navigation systems and have been reported to provide
reliable tracking performance in clinical environments [33, 34].

We defined two types of external forces for deforming the
association model: bone force and surface force. Initially, only
the bone force was applied to roughly align the femur and
tibia in the direction of the knee flexion state. The direction
of each bone force was determined by performing principal
component analysis on the 3D points of the femur and tibia
models. Specifically, forces F1, F2 and F3 were applied to the
femur, targeting the end of the shaft and intercondylar fossa. F1
and F2 have the opposite directions. Force F4 was applied to the
end of the tibia’s shaft. The magnitudes of F1, F2, F3 and F4 were
set as 9000, 23,000, 3000 and 6000 N, respectively.

After the angle between the femur and tibia was reduced to
less than 100°, the surface forces were applied to the association
model for fine deformation. These forces targeted the nearest
point pairs between the knee surface model and the segmented
3D depth information, provided that the distance between the
point pairs was within a predefined reference distance. In the
proposed method, we used a single RGBD camera, which allowed
us to capture only one side of the knee surface. In the absence
of a reference distance, the opposite side of the knee surface
model, which lacks a corresponding depth map, tends to be pulled
towards the observed surface by surface forces. This distortion
can lead to instability and eventual divergence in the deformable

simulation. During fine deformation, if more than half the points
on the knee surface model were within the reference distance,
the distance was reduced by 0.1 mm in the next simulation
step. Otherwise, it was increased by 0.1 mm for more active
deformation. The initial reference distance was set as 10 mm, with
maximum and minimum limits of 10 and 1 mm, respectively.

We used the following implicit form of Euler’s method to solve the
dynamic equilibrium equation for the deformation of the finite-
element models [22]:

KD = i + At i+ (2)

MuD = Mot + At(—Cv("“) —F(x™V - x5) + fg;l)> (3)
In the equations, x, v, i and At represent the element position,
element velocity, current simulation step and unit time step (0.05
s), respectively. F denotes the internal elastic forces, calculated
as the product of the stiffness matrix and the deformed position
of the element. f.,, and M represent the external forces and
mass matrix, respectively. The implicit form of Euler’s method is
essential for accurate deformable simulation because it enables
larger time steps and provides stability when dealing with stiff
equations that may arise in the explicit form. To solve the
dynamic equilibrium equation, we used the SOFA framework
[35], an open-source library which supports the development
of FEM-based medical applications. Finally, using the mapping
function between the simulation and visualization models, which
is supported by the SOFA framework, a dense bone model can be
visualized instead of the sparse finite element bone model.

3 | Experiments and Results

Two experiments were conducted to evaluate the proposed asso-
ciation model. First, we created a virtual flexion-state knee model
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TABLE 1 | Target point errors for knee CT data.

Phantom experiment seting

RGBD
camera

Intraoperative environment

Participant 1(L) 2(L) 3(R) 4(R) 5(R) 6(R)
Femur 4.22 +1.18 519 £2.28 3.65+1.19 4.51 +1.86 529 +1.42 6.42 + 2.02
Tibia 4.06 +0.83 4.69 +1.42 4.70 + 0.32 7.37 +1.27 5.78 +1.28 4.09 +1.02

Note: Values are expressed as mean =+ standard deviation (mm).

and a corresponding virtual depth map using the flexion-state
knee CT scans to evaluate the positional accuracy of the femur
and tibia simulated using the association model (Figure 4a).
The virtual depth map represents the 3D depth expected to be
obtained from the RGBD camera. The association model, initially
in the extension state, was deformed into the estimated flexion
state with the virtual depth map as a constraint. The target point
error was defined as the Euclidean distance between the real and
estimated flexion-state knee bones. The target points are surface
points on the epiphysis of the bone model, representing the target
drilling areas in ACL and PCL reconstruction. The process of
identifying target points is as follows. First, the reconstructed
points of the femur and tibia models in the extension state were
labelled based on their z-axis values. Then, using the iterative
closest point algorithm, the transformation matrix between the
extension and real flexion states was computed for each bone.
The target points in the real flexion state were then determined
by applying the corresponding transformation matrix. Finally, a
surface distance map, which depicts the distance to the target
point in colour, was drawn. The surface distance map represents
the surface distance error between the bones in the real flexion-
state model obtained from CT and those estimated by the dynamic
anatomy modelling and simulation process. This visualization
directly evaluates how accurately the proposed dynamic anatomy
model reproduces the actual intraoperative bone positions during
knee flexion.

For the second experiment, the target registration error (TRE) [31]
was measured in a phantom experiment environment to evaluate
the accuracy of AR-based surgical navigation (Figure 4b). A knee
phantom was printed in 3D based on the flexion-state CT scans.
A RealSense RGBD camera (D435i, Intel, USA) was used and
configured to operate at a resolution of 1280x720 with 30 frames
per second (fps). The RGBD camera was mounted approximately
30-40 cm above the phantom, capturing the knee from a

slightly oblique angle, in accordance with the usage guidelines
described in previous research [36]. Figure 4c illustrates the
intraoperative environment and was taken from a position where
an RGBD camera could be placed without hindering the surgeon’s
access to the operating site. The phantom experiment setup was
designed to replicate this same camera position and viewing
angle.

The RGBD camera trackable pointer was utilized as the sur-
gical instrument. The pointer was designed with a hexahedral
structure mounted 150 mm behind the tip, with a 40 x 40
mm marker attached to each face. The transformation between
the marker coordinate system and the pointer tip was obtained
from the 3D model used in the design. When the pointer tip
was repeatedly positioned on a specific point of interest, the
variance of the measured positions was found to be 1.23 mm.
After the deformation of the association model was completed,
the corresponding point in the virtual bone model needed to
be selected when the point of interest on the phantom’s bone
was identified using a trackable pointer. Finally, four artificial
landmarks were placed around the drilling area of the femur and
tibia to measure the TRE.

Table 1 shows the knee flexion compensation results from the
association model. The mean target point errors were 4.88 mm
for the femur and 5.12 mm for the tibia. When limiting the
error measurement to the ligament footprint, the errors were
reduced to 3.81 mm for the femur and 3.89 mm for the tibia.
Figure 5 shows the surface distance map of the target point
error between the real and estimated flexion-state knee bones.
In each subfigure, the yellow arrow and the red (or blue) bone
model shown in the bottom right corner represent the field
of view. The bright areas represent large target point errors
(blue dotted circles). The drilling areas for ACL (red circles)
and PCL (yellow circles) reconstruction, such as footprint and
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epicondyle, exhibited smaller target point errors compared with
the surrounding ends of the epiphysis.

Figure 6 demonstrates the deformation of the association model
from the extension to the estimated flexion state, both with and
without the springs. Without the springs, the model diverges into
an abnormal shape over time due to the tibia’s excessive outward
or inward rotational motion. However, with the springs, the
model stably converges to the estimated flexion state and main-
tains its shape over time. For the AR-based surgical navigation,
the femur, tibia, drilling guidance and trackable pointer position
were overlaid (Figure 3). The association model deformed to
the estimated flexion state in about 60 s. Thereafter, the TREs
were 4.21 mm for the femur and 3.93 mm for the tibia. The
proposed AR system had an update speed of more than 9 fps
during the experiment.

4 | Discussion and Conclusion

We developed a real-time dynamic anatomy model to simulate
flexion during knee arthroscopy. Using the dynamic anatomy
model, our method focuses on accurately visualizing the positions

[_]Flexion-state knee [_]Surface of association model

Deformation from extension to estimated flexion state with and without spring.

of the femur, tibia and surgical instrument. In ACL reconstruc-
tion, drilling errors range from 3 to 12 mm [3-6]. By comparison,
the error of the proposed model for the drilling area is slightly
above 3 mm, a level attainable by expert surgeons. However,
identifying anatomical landmarks, such as the native ligament
footprint in ACL and PCL reconstruction is difficult due to the
narrow arthroscopic view. In such situations, the proposed AR-
based surgical navigation assists novice surgeons in achieving
drilling accuracy comparable to that of expert surgeons. In addi-
tion, some ACL reconstructions require drilling more than three
times to connect two strands of the artificial ligament, which
increases the risk of surgical complications. Since inappropriate
drilling positions are a major cause of surgical failure in ACL
reconstruction [2], the proposed AR-based navigation technique
should be beneficial.

In ACL and PCL reconstruction, the positions of the native
ligament footprints where the drill is inserted are determined by
observing anatomical landmarks through arthroscopic imaging.
However, the drill exits on the lateral or medial epicondyles
are determined by the surgeon’s palpation. This poses a risk of
the drilling direction deviating from the preoperative plan and
damaging femoral structures. The proposed AR technique depicts
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the entire epiphysis and the surgical instrument position in real
time, helping prevent these complications. According to a recent
study, the minimum safe distance between the femoral tunnel
outlet and lateral femoral structures in ACL reconstruction is
8.46 mm [37]; the proposed method satisfies this condition while
offering an additional margin.

Regarding the applicability of the proposed system, a recent
review paper on navigation technology for ACL reconstruction
[38] reported that the use of surgical navigation can improve
bone tunnel positioning accuracy and reduce the learning curve
for arthroscopic surgery. Since our proposed system implements
AR-based surgical navigation without invasive markers and
compensates for intraoperative knee movement, it is expected to
leverage these reported benefits while further improving usability
compared to existing ACL navigation technologies.

Creating a digital twin of the knee joint that encompasses all
individual tissues requires significant computational resources,
and real-time deformation is impossible. Moreover, users must
specify the physical parameters for all tissues. The proposed
model simplifies the knee joint components into bones and
surfaces, minimizing manual adjustment and allowing real-
time responses to changes in the knee angle during surgery.
Despite its simplified structure, the proposed model achieves high
accuracy in AR, meeting the clinical standards. This facilitates
the implementation of an AR-based surgical navigation system
adaptable to various types of patient data.

In the proposed system, a fixed Young’s modulus was adopted
based on a previous study [26]. The Young’s modulus of bone
and soft tissues in the knee can vary substantially across patients
depending on age, sex, pathology and measurement method. In
particular, there is currently no widely accessible technique for
accurately estimating patient-specific physical parameters solely
from medical imaging modalities such as CT without tissue
biopsy [39]. Therefore, in the context of the proposed system,
patient-specific parameterization was not considered critical.

To mitigate such patient-specific variability, we introduced both
bone and surface force into the deformation process. For the
fixed Young’s modulus, the magnitudes of these forces were
empirically determined to ensure consistently high deformation
accuracy toward the flexion state across all patient datasets.
Notably, the surface force magnitude is dynamically adjusted
according to the degree of alignment between the depth infor-
mation and the association model. This dynamic adjustment
compensates for differences in deformation behaviour caused by
anatomical variability between patients. As a result, although the
internal bone motion simulated by the association model may
not exactly match the actual flexion process of a patient, the final
deformed shape closely approximates the true knee bone position
in the flexion state.

Currently, our system has been tested in a laboratory environment
that was slightly dimmer than an actual operating room. How-
ever, since knee arthroscopy procedures are typically performed
without additional external lighting and rely on internal illumi-
nation from the arthroscope, we believe that the ambient lighting
difference does not substantially impact the RGBD camera’s
performance. In addition, in some frames during simulation,

the bone model may appear outside the skin model. This effect
can occur because the knee surface model is represented by
hexahedral elements, meaning that the finite element model and
the visualization model are not perfectly matched. In regions
where the skin layer is thin, such as the femoral epicondyle,
this mismatch can make the bone appear to protrude outside the
surface even though it remains within the hexahedral elements.
Therefore, to achieve a more accurate implementation of the
dynamic anatomy model, we plan to refine the finite element
representation of the surface.

Although the proposed system operates effectively in most cases,
there are certain failure cases. The most critical issue arises from
the limitation of the RGBD camera, which captures only one side
of the knee surface. Although the predefined reference distance is
used in surface force computation to prevent the opposite side of
the knee surface model from being undesirably pulled toward the
observed surface during deformation, this mechanism may fail if
the quality of the initial registration is poor, leading to simulation
failure. Another failure case occurs when the knee undergoes
rapid or large movements. Since the current system operates at
approximately 10 fps, it is unable to accurately track sudden large
knee movements, which may also result in simulation failure.

To address these limitations, our future research will focus on
developing an artificial intelligence-based method to reconstruct
the complete knee shape from one-sided 3D depth information,
thereby preventing surface force-related failure cases. In addition,
we plan to improve real-time responsiveness for rapid knee
motion by optimizing the FEM solver. Finally, we are planning
to validate the proposed system under actual operating room
conditions following further technical improvements.

The dynamic anatomy model developed for the knee can be
extended to other joints as well. In shoulder arthroscopy, the
bending angle of the joint is adjusted during surgery to facilitate
instrument entry. Therefore, bone alignment differ from the
preoperative image, requiring compensation for bone movement
to ensure accurate AR visualization. The shoulder joint can also
be simulated using an association model comprising joint bones
and surfaces. The shoulder surface deformation can be measured
using an RGBD camera, and moving the bones according to the
surface deformation can allow for AR-based surgical navigation
as well.
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