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Introduction

Landing is one of many fundamental sports techniques, that can commonly be
associated or accompanied by sports injuries, such as anterior cruciate ligament (ACL)
injury, lateral ankle sprain (LAS), etc. Different landing patterns can expose lower limb
joints and ligaments to different loading modes. A successful landing is defined as the
body being able to cushion the impact load well enough to maintain body balance and
avoid injury. In actual motion monitoring, most current studies of ACL forces during
landing have been conducted using biomechanical models such as musculoskeletal
models and in vivo studies. However, the establishment of such a model usually
requires a large and complex base of knowledge, and the simulation calculation process
is usually time-consuming and costly. In recent years, an increasing number of studies
have favored the use of machine learning methods to model and predict the complex
"input-output" relationship, to address the computational difficulty and cost of
important variables in biomechanics.

The first research question of this thesis: Previous studies on the impact of fatigue
factors on the lower limb biomechanics during landing tasks often only investigated the
effect of fatigue factors on ACL injury risk from some indirect indicators, rather than
starting from the perspective of the dynamic loading forces within the ACL itself.
However, the limitation is that it cannot explore the exact mechanism of the fatigue
factor increasing ACL injury risk from the internal force itself. In addition, it is unclear
whether changes in the ankle during after-fatigue landing are associated with an
increased risk of ACL injury.

The first research objective of this thesis: To accurately calculate ACL internal
dynamic load forces by constructing a musculoskeletal modeling. In addition, this study
aims to explore whether there are detectable and recognizable differences in ankle joint
kinematics, lower limb joint energy dissipation (joint work) and ACL load force
between before-fatigue and after-fatigue landing, as well as to explore the possible
relationship between them.

The second research question of this thesis: In clinical landing injury screening,
clinical experts mainly performed quantitative description and analysis from the
perspective of biomechanics. However, traditional approach has the inherent limitation
of losing a large amount of effective information when extracting low-dimensional
single-time point discrete variables from high-dimensional time-continuous variables.
Meanwhile, the landing patterns are different in the situation of different injury
conditions, different control/intervention conditions, and whether there is lower limb

injury, which will cause great difficulties for clinical experts in clinical diagnosis. In
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recent years, the relevant application of explainable machine learning (XML) in clinical
diagnosis has increased the trust of experts in this field in the traceability of ML
methods, and has been accepted by more and more researchers.

The second research objective of this thesis: To investigate whether XML can help
with landing pattern recognition and to what extent it can aid in the interpretation of
prediction results. This work firstly compared the -classification recognition
performances of several classical classification models on two class landing tasks, and
then constructed the XML model based on the neural network model with the best
recognition performance combined with LRP to explain the model classification
recognition results. The current study proposed two approaches to assess the computed
interpretability results: 1) assessment from a statistical perspective; and 2) assessment
from a clinical perspective. For statistical evaluation, a Statistical Parametric Mapping
(SPM) technology based on random field theory was used to detect statistical
differences in the input signals, and then to verify whether interpretability results are
reasonable based on statistical differences. For clinical evaluation, interpretable results
were analyzed clinically by experienced experts in the field to assess their compatibility
with clinical features.

The third research question of this thesis: During landing, the knee has the highest
risk of injury, and the most common is the non-contact ACL injury, with more than 80%
of its injuries occurring during landing tasks. It is also true that ankle sprains, on the
other hand, are one of the most common injuries associated with landing, and more than
80% of ankle sprains occur in the lateral. At present, whether ankle joint motion patterns
(AICA, AROM) during landing affect joint energy dissipation and the degree of shock
load cushioning across the lower limb, or even if there is some association with lower
limb injury, remains to be further explored. In assessing the ACL injury mechanism,
traditional models mainly set ligaments as having linear force-length characteristics and
consider them independent of strain rate.

The third research objective of this thesis: To more realistically revert and simulate
the ACL injury mechanics, this study developed a knee musculoskeletal model that
reverts the ACL ligament to a nonlinear short-term viscoelastic mechanical mechanism
(strain rate-dependent) generated by the dense connective tissue (DCT) as a function of
strain. This work was specified: (1) The peak vertical ground reaction force (PVGRF),
total energy dissipation (TED), peak ankle sagittal moment, peak knee sagittal moment,
and peak hip sagittal moment were used to assess the overall injury risk of the lower
limb, and explored their relationships with AICA, AROM. (2) The peak ankle inversion
angle (PAIA), and peak ankle inversion moment (PAIM) was used to assess the LAS
risk, and hypothesized the positive correlation between them and AICA, AROM. (3)
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The ACL model was developed and constructed to calculate ACL dynamic loading
forces, and then the PAF was used to assess the ACL injury risk, and hypothesized the
negative correlation between them and AICA, AROM. (4) The feasible ankle motion
patterns were explored to balance the LAS and ACL injury risk based on the interaction
between PAIA and PAF.

The fourth research question of this thesis: During landing, the knee, which serves
as the pivotal joint connecting the ankle and hip, is the most susceptible to damage.
When the biomechanical mechanisms of internal loads on the human body are explored
in the context of the complex external mechanical environment, the current solutions in
the field are mainly achieved by finite element analysis (FEA) techniques and
musculoskeletal modeling simulations. Previous research has demonstrated that
increasing the ankle plantarflexion (ankle initial contact angle: AICA) may increase
ankle energy dissipation during landing, thereby reducing the landing impact on the
other joints. At present, it is unclear whether increasing the ankle plantarflexion angle
during landing would change the knee loading mechanism and further affect ACL injury
risk.

The fourth research objective of this thesis: To explore the effects of different ankle
plantarflexion angles during SL on knee impact loading and ACL injury risk. The
biomechanical properties of the knee joint were planned to be quantified based on
musculoskeletal modeling and finite element analysis (foot-ankle-knee integration
model). This study employed a joint impact force to evaluate the impact loads on the
knee at various landing angles, and calculated the joint negative work to assess the
ability of the knee to dissipate the energy impact. Additionally, the ACL internal load
forces (musculoskeletal modeling) and ACL stress (finite element analysis) were
simulated and calculated to evaluate the ACL injury risk. Meanwhile, landing
optimization strategies are further proposed to reduce knee-related injuries based on the
possible findings.

The fifth research question of this thesis: In actual motion monitoring, most current
studies of ACL forces during landing have been conducted using biomechanical models
such as musculoskeletal models and in vivo studies. However, the establishment of such
a model usually requires a large and complex base of knowledge, and the simulation
calculation process is usually time-consuming and costly. In recent years, an increasing
number of studies have favored the use of machine learning methods to model and
predict the complex "input-output" relationship, to address the computational difficulty
and cost of important variables in biomechanics.

The fifth research objective of this thesis: To develop a highly accurate and easy-to-
implement ACL dynamic load force prediction model, which has low input variable
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demands (sagittal joint angles), excellent generalization capabilities and superior
performance in terms of high accuracy. This study first combines long short-term
memory (LSTM) algorithm to construct the prediction model, and then introduces a
metaheuristic optimization algorithm (SSA) to optimize the prediction model based on
existing machine learning models, and further optimizes the prediction results by
combining the discovered linear relationship between AICA, AROM and PAF to
achieve accurate prediction of the ACL dynamic load force during SL using simple and
easy-to-measure kinematic data.

The sixth research question of this thesis: Previous studies in estimating continuous
kinematic variables have usually calculated the informative features of a single group
from the surface electromyography (EMGQG) signals of each muscle, and used them as
regular features in that motion pattern. However, the features extracted from a single
surface EMG channel are extremely sensitive to noise, amplitude cancellation and
electrode shifts, which would increase estimation errors. By revealing the
neuromuscular control mechanism behind the motor system, muscle synergy can detect
movement intention comprehensively and accurately, and its application is expected to
help patients in clinical rehabilitation. Adaptive neuro-fuzzy inference system (ANFIS)
has the advantages of optimizing membership functions through independent learning
and adjusting fuzzy logic rules to establish output functions that adapt to various rules.

The sixth research objective of this thesis: To develop a movement intention
detection technology for estimating each joint continuous kinematic variable based on
the lower limb muscle synergy pattern, with a view to developing applications for more
efficient exoskeleton-assisted rehabilitation training. More specifically, this study
extracted the lower limb muscle synergy patterns of healthy subjects and patients
through non-negative matrix factorization (NNMF), and then mapped the lower limb
muscle synergy patterns to each joint continuous motion variable using the developed
ANFIS non-linear regression model. It is hypothesized that the proposed ANFIS model
driven by the NNMF-extracted muscle synergy patterns will be able to accurately and
reliably estimate lower limb joint movements, and that the effectiveness will also be

radiated to patient subjects.



Thesis points

I*' Thesis points:

I explored whether there are recognizable differences in the ankle motion patterns
between before-fatigue and after-fatigue SL, and further explore the relationship
between AIC, AROM and lower limb energy dissipation and PAF.

As shown in Figure 64, the results suggested that the ACL dynamic load force will
increase during after-fatigue SL, which suggested that the lower limb neuromuscular
fatigue factor would increase the risk of ACL injury. There was a significant difference
in ankle motion patterns between before-fatigue and after-fatigue SL, in which the total
recognition accuracy was 71.96% and 66.43% for variables ACI and AROM
respectively under three classification recognition algorithms. AICA showed a positive
correlation with AED (R? = 0.6455), KED (R? = 0.3606) and HED (R? = 0.2189).
Similar results were found for AROM, which also showed positive correlations with
AED (R? = 0.5850), KED (R? = 0.3037), and HED (R? = 0.1538).

Therefore, the increased risk of ACL injury during after-fatigue SL is related to the
decrease of AICA and AROM, and the relationship between AIC, AROM and PAF is
highly negatively correlated, the relationship with TED is highly positively correlated.
I concluded that lower limb neuromuscular fatigue increases the ACL dynamic loading
force during SL, thereby increasing the risk of ACL injury. This result is associated with
a smaller AICA (plantarflexion angle) and AROM movement pattern of the ankle joint
during after-fatigue SL. By increasing the AICA and AROM during SL, the energy
dissipation of the lower limb joints can be increased and the PAF reduced, thus reducing
the impact loads on the lower limb joints and reducing lower limb injuries, including

ACL injuries.
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Figure 1 Recognizable differences in the ankle motion patterns and relevant results

between before-fatigue and after-fatigue SL.
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2" Thesis points:

For the datasets of before-fatigue and after-fatigue landing, I investigated whether
XML can help with landing pattern recognition and to what extent it can aid in the
interpretation of prediction results. I compared the -classification recognition
performances of several classical classification models on two class landing tasks, and
then constructed the XML model based on the neural network model with the best
recognition performance combined with LRP to explain the model classification
recognition results (Figure 65).

Meanwhile, the RS results derived from LRP were evaluated from the statistical
and clinical perspectives. Both three classification algorithm models achieved high
recognizability ( Accuracy >90% ) in the nine classification tasks, and the
classification performance level of ANN for the input signal is particularly outstanding
in comparison to the other two models. From the classification performance, I found
that based on the knee data as input signals the classification performance was better
(Accuracy > 95%). There is a greater difference in sagittal landing patterns between
classes in the three planes.

For the detailed results of RS distribution, I found that the early landing phase
contributed more to landing pattern recognition between classes, and the variable
contribution during the 1%-22% landing phase reached 27.06%. For each joint, the
largest summed contribution rate of RS was 41.02% in the knee joint, followed by 30.62%
in the ankle joint and 28.36% in the hip joint. For each plane, the largest summed
contribution rate of RS was 37.78% in the sagittal plane, followed by 32.55% in the
transversal plane and 29.67% in the frontal plane. The knee flexion-extension angle
variable was the most relevant trajectory variable in landing pattern recognition, and
the contribution rate of RS reached 8.31%. Secondly, the knee flexion-extension
moment, knee internal-external rotation moment, ankle dorsiflexion-plantarflexion
moment, ankle internal-external rotation angle, were the followed relevant trajectory
variables in landing pattern recognition, and the contribution rate of RS reached 8.03%,
7.86%, 6.58%, 6.13%, respectively. In conclusion, I highlighted the applicability of
XML methods that can interpret the results of ML decisions for clinical landing analysis,

and their great promise for future application and implementation.
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Figure 2 Explainable machine learning models for landing pattern recognition and its

results.
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3" Thesis points:

Furthermore, I investigated the relationship between ankle motion patterns (AICA
and AROM) and the lower limb injury risk during SL, and proposed an optimized
landing strategy that can reduce the injury risk. As shown in Figure 66, to more
realistically revert and simulate the ACL injury mechanics, I developed a knee
musculoskeletal model that reverts the ACL ligament to a NLSV mechanical
mechanism (strain rate-dependent) generated by the DCT as a function of strain.

As shown in Figure 66, the AICA exhibits a negative correlation with PVGRF (r
=-0.591) and PAF (r = -0.554), a positive correlation with TED (r = 0.490) and PAIA
(r=0.502). The AROM exhibits a positive correlation with TED (r = 0.687) and PAIA
(r = 0.600). The results indicated that the LAS risk is negatively correlated with ACL
injury risk (r =-0.330, p <0.001).

Based on the determined intersection points, I found that 30° to 40° of AICA and
50°to 70° of AROM were the more appropriate range to balance the injury risk between
them. This range can be referenced by individuals during SL, but it should also be
adjusted according to the person’s ankle dorsiflexion ability and the level of muscle
function around the ankle joint. In addition, it is also necessary to strengthen the training
of the muscles, the medial and lateral tissues, ligaments around the ankle joint, so as to
increase the AICA and AROM to reduce lower limb injury risk while avoiding ankle

joint injury.
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Figure 3 Illustration of the ACL model construction (DCTs with NLSR); Visualization
of the interaction between the risk of ACL injury, ankle sprain and AICA, AROM.
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4™ Thesis points:

In addition, I explored the effects of different ankle plantarflexion angles during
SL on the risk of knee-related injury. This study developed the finite element model of
foot-ankle-knee integration and ACL musculoskeletal model with NLSV mechanical
mechanism. The internal load forces (musculoskeletal modeling) and stress (finite
element analysis) around the knee joint were simulated and calculated to evaluate the
risk of knee-related injury during SL.

As the ankle plantarflexion angle increased during landing, both the peak knee
vertical impact force (p=0.001) and ACL force (p=0.001) decreased significantly
(Figure 67). The maximum von Mises stress of ACL, meniscus, and femoral cartilage
decreased as the ankle plantarflexion angle increased. When landing at 20°, 30°, and
40°, the maximum ACL stresses were 30.856 MPa, 27.053 MPa, and 24.592 MPa; the
maximum meniscus stresses were 22.315 MPa, 20.073 MPa, and 17.972 MPa; and the
maximum femoral cartilage stresses were 18.754 MPa, 17.012 MPa, and 15.429 MPa,
respectively (Figure 67).

The overall range of variation in ACL stress was small and was mainly distributed
in the femoral and tibial attachment regions, as well as in the mid-lateral region. The
current findings revealed that the use of larger ankle plantarflexion angles during
landing may be an effective solution to reduce knee impact load and the risk of rupture

of the medial femoral attachment area in the ACL.
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Figure 4 Overview of the model creation and impact load results.
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5" Thesis points:

Data-driven machine learning approaches are believed to perform modeling
calculations faster than musculoskeletal models and also have higher prediction
accuracy. I developed an ACL force prediction model by combining deep learning and
the explored relationship between ACL force and ankle motion pattern.

By substituting AICA and AROM as independent variables in the SSA-ELM
prediction model (Figure 68), the model shows excellent prediction performance
because of very strong correlation (R? = 0.9992, MSE = 0.0023,RMSE = 0.0474).
Based on the equal scaling by combining results of SSA-ELM and SSA-LSTM, the
prediction model achieves excellent performance in ACL force prediction of the overall
waveform (R? = 0.9947, MSE = 0.0076, RMSE = 0.0873).

Therefore, my study proposed a method for constructing a highly accurate and
easy-to-implement ACL dynamic load force prediction model, which has low input
variable demands (sagittal joint angles), excellent generalization capabilities and

superior performance in terms of high accuracy.
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Figure 68 ACL dynamic load force prediction model and its prediction results.
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6" Thesis points:

To achieve an accurate estimation of lower limb joint movements during landing,
I further proposed a novel movement intention detection technology for estimating
lower limb joint continuous kinematic variables following muscle synergy patterns, to
develop applications for more efficient assisted rehabilitation training. The surface
electromyography of 12 muscles and lower limb joint kinematic and kinetic data from
healthy subjects and patients during step-off landings from 30 cm-high stair steps were
collected. The lower limb neuromuscular synergy pattern was then imported into the
developed adaptive neuro-fuzzy inference system non-linear regression model to
estimate the human movement intention during this movement pattern (Figure 69).

Six muscle synergies were determined to construct the muscle synergy pattern
driven ANFIS model. Three fuzzy rules were determined in most estimation cases. As
shown in Figure 69, combining the results of the four error indicators across the
estimated variables indicates that the current model has excellent estimated
performance in estimating lower limb joint movement. The estimation errors between
the healthy (Angle: R?=0.98+0.03; Torque: R?*=0.96+0.04) and patient (Angle:
R?=0.98+0.02; Torque: R*=0.96+0.03) groups are consistent.

The proposed model of this study can accurately and reliably estimate lower limb
joint movements, and the effectiveness will also be radiated to the patient group. This
revealed that the models also have certain advantages in the recognition of motor

intentions in patients with relevant movement disorders.
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Figure 69 Overview of the NNMF-ANFIS model creation and prediction model

results.
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