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Abstract: Skiing, as a popular winter sport, attracts a large number of tourists to ski resorts for
an immersive experience. To improve tourists’ travel experience and ensure their safety, this
study proposes a skiing biomechanical analysis method based on the Statistical Shape Model.
The study conducts 3D reverse modeling of tourists’ ankle joints and constructs mechanical
models for the talus and calcaneus. Finally, the model is used to analyze the impact of ankle
joint morphology on the axis of rotation. Experimental results show that among the three
indicators in the evaluation of the Statistical Shape Model, the compactness of the talus
increases from 29,800 to 41,500, and the calcaneus increases from 39,800 to 64,700. The
generalization value of the talus decreases from 97,800 to 93,400, and the calcaneus decreases
from 116,900 to 111,500. After the statistical shape model of the improved skiing equipment,
the tourist experience satisfaction is more than 85%. The results indicate that the morphology
of the talus and calcaneus significantly affects the axis of rotation. By analyzing the
biomechanics of tourists’ ankle joints during skiing, a deeper understanding of the mechanical
characteristics in skiing is obtained, providing a theoretical basis for optimizing tourists’ travel
experience. The morphological features of the ankle joint directly impact tourists’ balance and
stability during skiing, thereby influencing both the safety and enjoyment of the sport.

Keywords: statistical shape model; skiing; biomechanical analysis; tourism experience; ankle
joint

1. Introduction

Skiing biomechanics includes force analysis and movement states of skiing,
where the movement states involve tourists’ adjustment of force techniques during
skiing. Therefore, the sensory feedback from the ankle joint during movement is
crucial to the tourism experience of the tourists [1,2]. The human ankle joint, as an
important component of bone biomechanics, tightly connects the bones, muscles, and
ligaments, driving the lower limbs for gait movement [3]. Once injured, the human
ankle joint can lead to neuromuscular impairments, resulting in a decline in motor
function. As a result, many scholars have conducted research on ankle joint movement.
For example, Reynolds R F et al. studied the relationship between ankle joint stiffness
and calf muscle motion during standing to address issues such as instability in calf
muscle control due to tendon compliance. The results showed that the natural changes
in ankle joint stiffness altered the degree of abnormal calf muscle motion during
standing [4]. Li et al. investigated the differences in cortical activation during
dorsiflexion and plantarflexion between patients with chronic ankle instability and
healthy individuals, designing an open-close cycle for movement and rest periods [5].
These studies indicate that research on ankle joint biomechanics can help explain the
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instability factors related to ankle injuries. However, since the human body is often in
a walking or exercising state, the joints are continuously subject to biomechanical
changes. Therefore, a better coordination system for three-dimensional simulation is
needed [6-8]. A three-dimensional simulation system can analyze the interrelation of
ankle joint movements between individuals and provide data-driven analysis and
visual 3D presentation. As a result, many scholars have conducted research on the
Statistical Shape Model (SSM). Trentadue et al. proposed a multi-domain statistical
shape modeling method to quantify joint morphology at high speed. The results
showed that the method captured 76.2% of the morphological changes in the first five
variance models [9]. In summary, there is considerable research on SSM and the ankle
joint, but studies combining both are limited. Therefore, to gain a more detailed
understanding of ankle joint movement and improve the tourist experience, this study
proposes a skiing biomechanical analysis method based on SSM. This method
innovatively optimizes data collection by using optical motion capture systems and
3D reverse modeling, aiming to provide mechanical theoretical data on tourists’ ankle
joints in skiing areas and promote tourism safety.

2. Methods and materials

2.1. Data collection and 3D reverse modeling

When the human body engages in skiing, the lower limb joints can integrate
surrounding mechanical signals to respond and adjust their own characteristics in real
time [10]. However, during human movement, misalignment or injuries between
bones can occur, affecting the overall skiing experience [11]. To address the
challenges of data collection during lower limb joint movement, this study uses an
optical motion capture system to collect kinematic data of the ankle joint. The optical
motion capture system can not only extract features from the target but also infer the
body’s movement state through changes in continuous frame images [12,13]. The
modified centroid and ankle joint center distance are expressed as shown in Equation

().
Ll = BO + Blm + Bzh (1)

In Equation (1), L, represents the centroid of the shank segment, By, B, and B,
are the binary regression coefficients, and the specific meanings are intercept terms,
distance variables between joints and joints, and human height coefficient. 4 indicates
human height, and m represents the distance between joints. The calculation of the
modified kinematic principle is expressed as shown in Equation (2).

(dsl — pl+1 _ pl — (x1+1 _ xl’yl+1 _ yl,Zl+1 _ Zl)

ui =d_si=pi+1_pi
dt dt (2)
. ui+1 _ ui B pi+1 _ Zpl + pi—l
=7 T dt?

In Equation (2), dt represents the time interval, dst is the centroid displacement,
and the center of mass displacement is a vector containing x, y, and z three-direction
transformations. The average velocity and acceleration are u® and a‘, respectively,
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used to analyze the motion state of the object. Since bones, muscles, and ligaments
collaborate during movement to perform any action, the optical motion capture system
is used to calculate the corresponding balance of joint forces and joint moments. The
balance measurement of the joint is shown in Figure 1.
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Figure 1. Schematic diagram of balance joint measurement.

As shown in Figure 1, in a microgravity environment, the lower limb of the
human body undergoes composite rotation around the joints, with each joint acting as
a different hinge. The forces acting on the lower limb are primarily divided into hip
joint forces and hip joint moments, knee joint forces and knee joint moments, and
ankle joint forces and ankle joint moments. The hip joint force and moment are mainly
generated by the inertia of the thigh segment, the knee joint force and moment are
mainly caused by the inertia of the shank segment, and the ankle joint force and
moment are driven by the inertia of the foot segment. The force plate reaction force,
during measurement, can measure the reaction forces of the ankle joint force and
moment. The balance equation for the ankle joint force and moment is shown in
Equation (3).

zF:Fa+Fb+FC:0

ZM=Fa><L+Mb+MC=O )

In Equation (3), F and M represent the balance of ankle joint force and moment,
a is the inertial force, b is the proximal force, and c is the distal force. Equation (3)
does not include the calculation of segmental gravity effects. Although the optical
motion capture system can calculate joint forces and other parameters for various
human joints, there are still some limitations in visual data collection. Therefore, based
on the optical motion capture system, this study uses 3D reverse modeling to further
analyze key elements of the human foot and ankle. 3D reverse modeling allows for
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data processing and analytical reconstruction of physical objects and can reverse-
engineer the required model [14,15]. The reverse modeling was performed using
software such as Geomagic Design X and Creo to create a perfect polygon model and
network from the scanned point cloud data and a CAD model of a surface on the multi-
faceted data. The global distance mean formula for denoising point clouds in 3D
reverse modeling is shown in Equation (4).

D :%Z d; )

In Equation (4), i represents a specific point cloud, N is the total number of
human joint point clouds, and d; is the average distance between a point cloud and its
neighboring points. The ankle-foot skiing orthosis designed using 3D reverse
modeling and the optical motion capture system is shown in Figure 2.
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Figure 2. Ankle-foot skiing orthosis workflow diagram.

As shown in Figure 2, the ankle-foot digital orthosis primarily uses 3D reverse
modeling and the optical motion capture system for digital design. The process begins
with the use of a 3D scanner to scan the bones and joints. Then, joint data of the
tourist’s foot and leg are collected and processed through point clouds and the optical
motion capture system. The parameterized design station generates the ankle-foot
orthosis to replace traditional positive mold production. Afterward, surface deviation
analysis is performed on the ankle-foot orthosis, and 3D printing technology is used
to print the model. Finally, the printed model undergoes forward validation and
optimization to determine whether the ankle-foot orthosis helps enhance the ankle
joint’s recovery ability in case of injury during skiing. The forward surface
reconstruction of the model was performed using software such as Geomagic Studio
and Autodesk Fusion 360 to process point cloud data and polygon networks to keep
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the surface smooth and continuous. The surface fitting node vector is shown in
Equation (5).

{U = [uOvulr"'rumﬂ)] (5)

V= [vo,vl,---,vn+p]

In Equation (5), u and v represent the parameter axes, and U and V are the node
vectors. The surface mathematical model is expressed as shown in Equation (6).

S, v) = Z Z Ny (WN; o (v)P; ;1,7 € (0,1) (6)

i=0 j=0

In Equation (6), S(u,v) represents the given control vertex in the P; ; space
points, determining the surface shape. N;,(u) and N;,(v) are the B-spline basis
functions of the node vectors; the contribution weight of the control vertex to the
surface is calculated by the parameters u and v. In summary, the study, through 3D
reverse modeling and the optical motion capture system, models and analyzes ankle-
foot joint data. This approach can meet the complex surface model creation

requirements and can promptly identify the center of mass of tourists’ bodies during
skiing.

2.2. Construction of ankle joint model based on the SSM

With the development and innovation of global intelligence, ice and snow sports
are gradually being popularized and promoted in the public eye [16]. However, the
general public often struggles to experience the joy of skiing due to a lack of relevant
theoretical guidance and cannot accurately master the skills of applying force during
skiing [17]. Although 3D reverse modeling and optical motion capture systems can
collect some data from the human body, they cannot accurately capture the
morphological changes of the foot bones. Therefore, based on 3D reverse modeling
and the optical motion capture system, this study constructs an ankle joint model based
on SSM to analyze the potential impact of different talus morphologies on the ankle
joint. SSM can specifically describe and analyze the shape of an object, identifying
various principal component shapes, functions, and other differences [18]. The 3D
coordinates generated by SSM for the ankle joint samples are shown in Equation (7).

U= [(x1' Y1 Zl)' (xZ' V2, ZZ)' ey (xn' Yo Zn)] (7)

In Equation (7), U represents the total feature points of the ankle joint sample,
with the sample containing n individual points. The specific process of shape
matching for the ankle joint using SSM is shown in Figure 3.
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Figure 3. Schematic diagram of the shape matching process.

As shown in Figure 3, the shape matching of the ankle joint using SSM first
requires aligning the target sample, selecting a suitable transformation model and
feature space, and then setting parameters for the chosen model. A search method is
used to define the possible variation intervals for the parameters. Once the variation
intervals are determined, an optimization search is performed using a similarity
measure function to identify the unknown parameters, with the primary search range
being in two-dimensional or three-dimensional space. Finally, the selected target
sample is mapped to the target sample template space S, completing the shape
matching. After the matching process is completed, principal component analysis is
applied to generate the SSM. The calculation of the sample’s principal components is
shown in Equation (8).

Cpl' = AiPi (8)

In Equation (8), C represents the covariance matrix, P; is the eigenvector, and 4;
denotes the corresponding eigenvalue. The main mode of variation can be derived
from Equation (8) as shown in Equation (9).

M
U=U+ Z AP 9)
m=1

In Equation (9), m represents the variation mode coefficient, U and U are the
mean shape model and the SSM result, and A,, and B, are the corresponding
eigenvalue and eigenvector. To ensure the accuracy of the data modeling when using
the SSM for the ankle joint, the study applies an error correction to the axial force of
the ankle joint. The specific correction algorithm process is shown in Figure 4.
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Figure 4. Correction algorithm flow chart.

As shown in Figure 4, when correcting errors in the ankle joint axial force data,
the process first requires the initialization of the error values. Then, the axial force F
is constructed into an instantiated array, and the axial force data is cached. The data in
the cached area is then iterated and calculated to determine whether the difference
between the maximum and minimum axial force values F exceeds 0.1 N. If the
difference is greater than 0.1 N, the sensor for the data becomes active. The actual
axial force value F is calculated by subtracting the error value D from the axial force
value F, resulting in the accurate ankle joint axial force data. The local coordinate
representation of the talus in the ankle joint is shown in Equation (10).

x1 = (X +%2)/2
y1= o +2)/2 (10)
21 = (20 + 22)/2

In Equation (10), (x3,ys,23) represents the origin of the local coordinates,
(%0, V0, 29) denotes the coordinates of the medial malleolus feature point, and
(x2,V,,2,) refers to the coordinates of the lateral malleolus. The vector x is
represented as shown in Equation (11).

X = (X1 — X3,Y1 — ¥3,%1 — Z3) (11)

In Equation (11), x axis represents the direction from the talus origin to the talar
head, and (x3, y3, z3) refers to the coordinates of the talar head. In this study, Mimics
software was used to scan the ankle joint and its surrounding structure in 360<and to
reconstruct the 3D model. The ankle joint model based on SSM developed by the study
is shown in Figure 5.
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Figure 5. Schematic diagram of ankle joint model based on SSM.

From Figure 5a, x and n represent the spherical joint marking points, assuming
the rotation center and direction vector. The center of the circle is the rotation axis, p
is the distance from the external joint to the selected center, and r and r*~* represent
the lateral and medial planes, respectively. v;* and v,' represent vectors at a certain
time point. From Figure 5b, it can be seen that the SSM-based ankle joint model
requires point cloud data for data import, followed by surface reconstruction to
generate a physical simulation model. The hinge joint center expression is shown in
Equation (12).

xci =x+1in 12)

In Equation (12), t* represents the set constant in the vector, and n is the
direction vector. In summary, the ankle joint plays a crucial role in the biomechanical
foot and ankle motion spatial orientation. By utilizing 3D reverse modeling and optical
motion capture systems, comprehensive visual data collection of the human body can
be achieved. On this basis, the proposed SSM ankle joint model allows for a more
comprehensive understanding of ankle joint movement, which is beneficial for
improving related sports equipment in ski areas.

3. Results

3.1. Evaluation of ankle joint model based on the SSM

To verify the performance superiority of the SSM-based ankle joint model, the
study compared it with the Principal Component Analysis (PCA) ankle joint model,
the Active Shape Model (ASM) ankle joint model, and the 3D Deformable Model (3D
DM) ankle joint model. The experiment utilized the Tianyuan 3D motion capture
system 3DMoCaP for ankle joint data collection, SolidWorks Simulation and
Geomagic finite element simulation software for preprocessing, the Windows 10
operating system, and the Footscan flatfoot pressure testing system for the experiment.
In order to make the experimental data fair, 50 volunteers from Peking Union Medical
College Hospital were selected as the research objects of the SSM ankle joint model,
and 150 tourists from Miyun Ski Resort were selected for comparison. The statistical
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test showed that the age test stage of volunteers and tourists mainly ranged from 15 to
35, the skiing proficiency was intermediate, and they were able to skate on the ski
slope at 10°to 25<with P values greater than 0.05. There were no significant
differences in the distribution of age, gender, and height of the subjects. Among them,
the intermediate wave track practice area of Miyun Nanshan Ski Resort is 500 m long
and has an 18 <slope. The sample information is shown in Table 1.

Table 1. Participant information data.

Sample Age Sex Height t P Skiing proficiency level
15-18 Male 5/Female 3 158-178 cm 1.2 0.08 > 0.05 Intermediate (Slope 102259

Volunteer 20-25 Male 13/Female 12 160-182 cm 0.8 0.12>0.05 Intermediate (Slope 102259
28-35 Male 10/Female 7 162-185cm 15 0.06 > 0.05 Intermediate (Slope 10259
15-18 Male 35/Female 25 160-178 cm 1.2 0.08 >0.05 Intermediate (Slope 1022599

Visitor 20-25 Male 15/Female 12 160-182 cm 1.3 0.09 >0.05 Intermediate (Slope 1022599
28-35 Male 42/Female 21 162-185cm 1.7 0.08 > 0.05 Intermediate (Slope 1022599

The SSM, PCA, ASM, and 3D DM ankle joint models were subjected to different
load stress tests, with the test results shown in Figure 6.
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Figure 6. Stress test results of different ankle joint models.
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From Figure 6a, it can be seen that the SSM ankle joint model exhibits the
maximum displacement at the ankle joint talar head. Under a 1700 N load, the
maximum stress value at the talar head reaches 225 = 10° Pa. From Figure 6b, it is
observed that the PCA ankle joint model shows significant displacement changes at
the tibial joint surface between 1000 N and 1500 N, with the maximum stress value
reaching 178 <102 Pa. From Figure 6c, it can be seen that the ASM ankle joint model
has a maximum stress value of 145 % 10° Pa at the medial malleolus talus, which is
lower compared to the maximum stress value of 172 <10° Pa at the tibial joint surface.
From Figure 6d, it is evident that the 3D DM ankle joint model measured higher stress
values across all parts of the ankle joint, and the displacement was also more
significant compared to the model proposed in this study. In addition, the research also
tested the accuracy of ankle image segmentation by SSM, PCA, ASM, and 3D DM
statistical shape models in the SCAPE data set and VHP data set respectively, and the
test results are shown in Figure 7.

0.90

0851

0.801

1.00

0.90F

0.85F

0.801

Ankle joint image
segmentation accuracy

| — SSM —PCA |
| — ASM ——3D DM |
0.75} T =
y " y ; 0.70 : : : .
50 100 150 200 250 0 50 100 150 200 250
Number of iterations Number of iterations
(a) Accuracy test results of ankle (b) Accuracy test results of ankle
segmentation images in the SCAPE dataset segmentation images in the VHP dataset

Figure 7. Image accuracy test results of ankle joint segmentation by different models in different data sets.

As can be seen from Figure 7a, when the SSM ankle statistical shape model has
200 iterations in the SCAPE data set, the ankle image segmentation accuracy is 0.94,
and the overall image segmentation accuracy is above 0.90. As can be seen from
Figure 7b, when the iteration times of the SSM ankle statistical shape model were
150-200 times during the test in the VHP dataset, the image segmentation accuracy
was 0.92-0.98. When the iteration times of PCA and ASM statistical shape models of
the ankle joint were 200 times, the image segmentation accuracy was 0.96 and 0.94,
respectively. In summary, the SSM ankle joint statistical shape model also has good
generalization performance in different data sets. Additionally, the study also
performed tests on the SSM ankle joint model for Talus Absolute Coefficient (R?),
Mean Absolute Percentage Error (MAPE), Root Mean Square Error (RMSE), and
Mean Absolute Error (MAE) accuracy indicators. The test results are shown in Figure
8.
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Figure 8. Test results of different indexes of SSM ankle joint model.

As shown in Figure 8, the red dashed line represents the boundary for the
indicator tests. When the SSM ankle joint model was tested for the R? index of the
talus, at 6 h of iteration, the R? index was 0.89, and it gradually approached 1.0 over
time. For the MAPE test of the talus, at 1 h of iteration, the MAPE value was 0.11,
and between 8 to 12 h, the MAPE value ranged from 0.06 to 0.08. In the RMSE test,
the average deviation was largest at 13.14 at the 2nd hour. In the MAE test, after 5
hours of iteration, the MAE value stabilized, and at 8 h of iteration, the MAE value
for the talus measurement was 7.12. To further validate the evaluation performance of
the SSM ankle joint model, the study compared it with the PCA, ASM, and 3D DM
ankle joint models in terms of compactness, generalization, and specificity. These
three indexes were calculated by principal component analysis variance contribution
rate, independent test set error and classification accuracy, with the results shown in
Figure 9.

As shown in Figure 9a, in the talus compactness test, the compactness index of
the SSM ankle joint model was lowest at 29,800, and when the number of variation
models reached 50, the compactness index increased to 41,500. As shown in Figure
9b, in the talus generalization test, the SSM ankle joint model exhibited the best overall
generalization performance, with the minimum generalization index reduced to 93,400,
while the 3D DM ankle joint model had the lowest generalization index at 93,800. As
shown in Figure 9c, the specificity value of the ASM ankle joint model was lowest at
92,400, while the proposed model fluctuated between 92,500 and 92,890. As shown
in Figure 9d, in the calcaneus compactness test, the compactness index of the SSM
ankle joint model increased from 116,900 to 64,700. As shown in Figure e, the PCA
ankle joint model had a generalization performance second only to the SSM ankle joint
model, with the SSM ankle joint model’s lowest generalization index at 111,500. As
shown in Figure 9f, the specificity index for the calcaneus in the SSM ankle joint

11
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model fluctuated mainly between 110,200 and 110,700, showing relatively stable
overall variation.
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Figure 9. Compactness, generalization, and specificity test results.

3.2. Analysis of standard deviation morphology axis based on the SSM

To further verify the morphological axis space of the SSM ankle joint model, the
study used Matlab software to conduct data analysis of the talus morphological axis
and multiple standard deviations based on the SSM ankle joint model. The SSM-based
ankle joint model mainly generated principal component models PC1-PC3, which
represented the overall talus variation, talus curvature variation, and the curvature
variation between the anterior joint surface and the lateral surface of the talus. In order
to gain a clearer understanding of the talus, the study assessed the talus bone
morphological changes by fitting the positive and negative standard deviation models
of PC1-PC3 using a dual sphere fitting technique. The talus morphological axis angle
changes based on the SSM model are shown in Figure 10.

12
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Figure 10. Morphological axis angle change map of talus based on SSM model.

As shown in Figure 10a, the morphological axis angle changes for PC1 + SD
and PC2 — SD were quite large, with angle values of 87 and 92, respectively. The
entire tibial tilt angle was most influenced by PC1 and PC2. As shown in Figure 10b,
in the overall PC1-PC3 tibial deviation test, the overall curvature change remained
relatively stable. The angle value of the PC1 — SD morphological axis was 78, which
was the smallest in the talus deviation. As shown in Figure 10c, in the downward tilt
angle test, the PC2 — SD morphological axis angle change was the greatest, with an
angle value of 47. The angle changes for PC1 — SD and PC2 + SD were similar, with
angle values ranging from 40 to 42. As shown in Figure 10d, in the downward
deviation angle test, PC2 had the greatest impact on the subtalar joint axis. The angle
values for the positive and negative standard deviation models of PC2 ranged from 23
to 27. Additionally, the study performed multiple standard deviation analyses on the
talus morphological changes in the SSM ankle joint, with the PC1-PC3 multiple
standard deviation morphological axis shown in Figure 11.
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Figure 11. Multiple standard deviation analysis results.

As shown in Figure 11a, in the range test of PC1 %3 standard deviations, the
tibial tilt angle results for the PC1 morphological axis showed significant differences.
When the tibial deviation morphological axis was +1.5 SD, the morphological axis
angle value was 124. As shown in Figure 11b, the talus downward tilt angle
morphological axis angle value gradually decreased in the +SD direction, with the
morphological axis angle value of the talus at +3 SD being 28. As shown in Figure
11c, the talus downward deviation angle morphological axis angle value remained
relatively stable overall. The downward deviation morphological axis angle value at
—3 SD was 27, while at +3 SD, the angle value was 26.

3.3. Analysis of tourist travel experience by the SSM ankle joint model

After verifying the SSM ankle model and the multi-standard deviation shape axis
of the talus, in order to further demonstrate the good influence of the SSM ankle model
on tourists, the study also uses the SSM ankle model to improve tourist travel
equipment. In order to verify the validity of the experiment, the study tested the
satisfaction of 150 tourists in Miyun ski resort. The scoring dimension of this test is
mainly conducted from the two aspects of tourists’ emotions and tourists’ satisfaction.
Tourists’ satisfaction is presented in the form of a percentage. The higher the value,
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the more satisfied they are with the tourism equipment. And the test results are shown
in Table 2.

Table 2. Visitor satisfaction test results.

Ski equipment Tourist mood Tourist satisfaction/%
Veneer Be delighted 95
Double plate Irritate 89
Snowshoe Enjoy 95
Skis Secure 97
Skateboard Excitement 96
Ski Be delighted 96
Ski suit Be delighted 99

As can be seen from Table 2, the improved equipment with the highest tourist
satisfaction is ski clothing, with a travel satisfaction of 99%. When tourists experience
skiing, the lowest satisfaction is double-board equipment. Because the double board
is suitable for more advanced skiing, the skiing mood of tourists is more exciting and
nervous, and the tourism satisfaction rate is 89%. The overall satisfaction of the
improved skiing equipment based on SSM is more than 85%, and tourists are greatly
satisfied with the improved physical and mental experience of skiing equipment and
pay more attention to tourism experience in skiing.

4. Discussion

The proposed SSM-based ankle joint model demonstrated significant advantages
in the performance comparison experiments. From multiple perspectives, including
load stress variation, mean absolute percentage error, three-dimensional model
compactness, and generalization, the SSM ankle joint model outperformed the PCA,
ASM, and 3D DM ankle joint models. Specifically, in the load stress tests, the SSM
ankle joint model measured a stress of 225 x10° Paata 1700 N load on the talus. This
model was able to store the talus displacement data and provide timely feedback to the
motion tester, primarily due to the improved data collection system and three-
dimensional modeling capabilities. This result was similar to the conclusions found by
Huang et al. in their 2024 study [19]. Furthermore, in the accuracy mean absolute error
test, the SSM-based ankle joint model also provided good predictions for different
ankle joint data. The talus measurement showed an MAE value of 7.12 after 8 h of
iteration, and the MAPE value ranged from 0.06 to 0.08 during the 8-12 h period. The
SSM ankle joint model also performed excellently in the compactness, generalization,
and specificity tests. The compactness index of the SSM ankle joint model reached
41,500 when the number of variant models reached 50, whereas the compactness
indices of the PCA, ASM, and 3D DM models were all lower than the proposed model.
This can mainly be attributed to the SSM model’s integration of three-dimensional
reverse modeling and optical motion capture systems during data collection. In
addition, in order to better capture the local nonlinear features of the ankle shape, the
SSM model also introduced local linear embedding to carry out point linear
reconstruction of the local domain and mapped the calculated local linear
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reconstruction coefficient to the low-dimensional space during the point linear
reconstruction, so that the data structure of the SSM model in the low-dimensional
space was easier to understand and analyze. These findings were consistent with the
results obtained by Burton et al. when testing ankle joint models [20].

When the SSM ankle joint model was further analyzed through multiple standard
deviation morphological axis experiments for the talus, it also demonstrated superior
performance. In tests of the tibial tilt angle and tibial deviation angle, the
measurements of PC1-PC3 talus data showed that the greatest changes in
morphological axis angles occurred at PC1 + SD and PC2 — SD, with angle values of
87 and 92, respectively, while the downward deviation angle value was 26.02. In
addition, the improvement of the ski equipment based on the SSM ankle joint model
also brings a good sense of experience to the tourists, among which the experience
satisfaction of snowboarding is 95%. In the range test of PC1 =3 standard deviations,
the tibial deviation morphological axis at +1.5 SD yielded a morphological axis angle
value of 124. In summary, the SSM-based ankle joint model is capable of recognizing
variations in the talus range and analyzing the stress on the talus in detail. Therefore,
the ankle joint model based on SSM can be intelligently designed for ski sports
equipment, and in the future, custom equipment can be produced by 3D printing, and
its biomechanical properties can be tested to improve the related travel experience.

The contributions of the study are mainly reflected in the following two aspects:
first, a data collection method combining optical motion capture systems and three-
dimensional reverse modeling was designed; second, an SSM ankle joint model was
proposed based on the improved data collection method, providing a new research
approach for skiing biomechanics.

5. Conclusion

In response to the challenges of ankle joint skeletal data collection in skiing
biomechanics, the study proposed an SSM-based ankle joint model that establishes
relevant connections between ankle joint morphology and the talus. The model
integrates the use of an optical motion capture system for ankle joint data collection
and three-dimensional reverse modeling for visual effect demonstration. To ensure the
accuracy of the ankle joint mechanical data, an error correction algorithm was applied
to correct axial force data. The experimental results show that the ankle joint model
based on SSM can perform well on the key indicators of ankle joint compactness,
generalization, and specificity, and the accuracy and efficiency are up to high
standards. The improved ski equipment based on SSM also gives tourists a good
satisfaction experience. At present, the experiment has not conducted relevant tests on
human gait in skiing sports, and the research still has shortcomings in feature sequence
extraction and foot bone structure surface tests, etc. It is necessary to further expand
the sample size and expand the experimental group. Further tests could be carried out
in the future in areas such as clinical medicine or biomechanics of the ankle under
fatigue conditions.
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