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ABSTRACT

Patellar tendinopathy is a clinical symptom of patellar tendons characterized by local pain in the front of the knee
joint. It is common among basketball and volleyball players. Patients with patellar tendinopathy may exhibit
different landing strategies during landing compared to healthy individuals. The purpose of this study was to
compare the differences in lower limb joint energy dissipation (eccentric work) values for the symptomatic patel-
lar tendinopathy (PT) athletes and no patellar tendinopathy (UPT) athletes during single-leg landing. A total of
26 (PT: 13, UPT:13) semi-professional male basketball and volleyball player’s kinetic data were collected during
the landing phases. Joint work was calculated by the integral of joint power over time. In this study, the result
showed that the ankle joint means energy dissipation (p < 0.001) and total energy dissipation (p < 0.001) of
PT were significantly greater than UPT. Compared to the UPT athletes, the PT athletes showed smaller knee joint
mean energy dissipation (p = 0.002) and contribution to total energy dissipation (p < 0.001) during the landing
stance. Meanwhile, there were no differences in hip joint contribution to total energy dissipation (p = 0.523) and
lower limb total energy dissipation (p = 0.127). A deeper understanding of each joint’s energy dissipation contri-
bution ratio between UPT and PT during landing can provide clues that reveal the biomechanical mechanism of
PT athletes landing. Further study should choose a larger sample size to more comprehensively reveal the energy
dissipation strategy of PT during landing.
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1 Introduction

Participating in various sports requires athletes to perform various landing maneuvers, and landing-
related injuries are common in these sports such as volleyball, basketball and gymnastics [1-3]. Most
exercise-related injuries are caused by overuse of the musculoskeletal system [4,5]. In overuse injuries,
the patellar tendon may be damaged by repetitive loads placed on the knee during landing activities
[6-8]. Patellar Tendinopathy, also known as jumper’s knee, is a clinical symptom of patellar tendons
characterized by local pain in the front of the knee joint [9]. The symptom described includes 1) Anterior
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knee pain located at the inferior and lower pole of the patella [10,11]; 2) Tendon pain triggered by an
abnormality of the superior patellar tendon [11]; 3) A history of pain associated with the activity
(Victorian Institute of Sport Assessment Questionnaire, Patellar Tendon (VISA-P) score < 80) [12]. This
damage often occurs during repeated jumps landing and rapid change of direction in motion [13]. While
Patellar Tendinopathy can reduce athletic ability and performance, which can cause disability and
premature termination of a professional career; current data have shown that the risk of Patellar
Tendinopathy among basketball and volleyball players continues to increase [14—16]. Therefore, it is
essential to understand better the risk factors associated with Patellar Tendinopathy during landing and
take some precautions against it.

For the exact pathogenesis of Patellar Tendinopathy, it is widely believed that it is caused by the
interaction of many internal and external risk factors [9,13]. Excessive load on the knee tendons is
considered the primary cause of clinical Patellar Tendinopathy [17]. Landing mechanics in dynamic
missions is also thought to be a key factor associated with Patellar Tendinopathy [18]. Previous studies
have shown that the biomechanics of symptomatic Patellar Tendinopathy change during landing [19-22].
Individuals with Patellar Tendinopathy have less range of motion of the hip and knee, and peak ankle
dorsiflexion during the landing phase, there are considered risk factors for re-injury [23-26]. At the same
time, previous studies have shown that individuals with Patellar Tendinopathy exhibit a higher peak knee
extension moment and a lower load rate of vertical ground reaction force during landing [27]. The
biomechanical differences shown by individuals with Patellar Tendinopathy during landing appear to be a
self-protective mechanism to avoid further damage. Individuals with Patellar Tendinopathy also showed
greater lower limb eccentric work and knee peak power during landing [27]. The accelerated kinetic
energy during downward landing is dissipated through the combination of eccentric muscle contraction
and skeletal structure, and the lower limb eccentric work is related to musculoskeletal load [28].
Therefore, it is important to understand the load impact and energy dissipation of lower limb joints
during each landing mode.

The stress process of the lower extremity results from different injury patterns. The interaction between
the foot and the ground plays an essential role in the musculoskeletal system’s load [29]. During landing, the
lower extremity undergoes a pattern of distal to proximal loading, in which the feet and ankles are first under
load, followed by the knees and hips. Previous studies have shown that most patients with symptomatic
patellar tendinopathy present with symptoms in the dominant leg, which is the result of overuse
[12,15,16]. Therefore, single-leg (leg with patellar tendinopathy) landing may reveal the landing
mechanism better. It should be noted that most energy shocks are dissipated in the lower extremities, and
the coordinated energy dissipation of the hip, knee, and ankle joints through the joint muscles helps to
absorb shock and reduce injury [30]. Especially in the sagittal plane, the eccentric work done by lower
limb joints during landing is mainly concentrated in the sagittal plane [27,28]. Although previous studies
have shown that lower limb joints’ eccentricity was different among individuals with Patellar
Tendinopathy during landing [30,31], the total contribution ratio of each joint’s eccentricity work is still
unknown. A deeper understanding of each lower limb joint’s eccentricity work ratio during landing could
provide clues for exploring the Patellar Tendinopathy landing mode mechanism.

There is a lack of understanding of the lower limb joint energy dissipation strategy during landing
between athletes with symptomatic patellar tendinopathy (PT) and without patellar tendinopathy (UPT).
Therefore, the purpose of this study was to compare and analyze lower limb sagittal joint work values
during landing between PT and UPT and to determine the relative contribution of the eccentric work done
by each joint to the load attenuation. We hypothesized that PT athletes would show significantly smaller
lower limb joint work values and knee joint work values and contributions to load attenuation than UPT
and that PT would have significantly greater ankle and hip joint work values and contributions to load
attenuation than UPT.
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2 Materials and Methods

2.1 Participants

Twenty-six semi-professional male basketball and volleyball players from the local university were
recruited to participate in this experiment. According to previous studies, semi-professional athletes were
defined as those performing at national or international level and receiving some remuneration as part of
their sport participation [32]. Thirteen (basketball player: seven, volleyball player: six) subjects had PT,
and the other thirteen subjects UPT. For PT, recruitment requirements included: 1) the presence of
anterior knee pain located at the inferior and lower pole of the patella [10,11]; 2) a diagnosis of an
abnormality of the superior patellar tendon [11]; 3) the presence of patellar tendon pain during practice
landing sessions but not enough to restrict or affect level of performance [28]; 4) A history of pain
associated with the activity (Victorian Institute of Sport Assessment Questionnaire, Patellar Tendon
(VISA-P) score < 80) [12]; They had no other lower limb injuries except patellar tendinopathy in the six
months before the trial. All of them had patellar tendinopathy in their dominant leg, and the dominant leg
was defined as the leg that is more suitable for kicking the ball [33]. For UPT, they also did not have any
lower extremity injuries in the six months before the trial. All athletes with UPT were anthropometrically
matched with athletes with PT. The basic information of subjects is shown in Tab. 1. Prior to the
experiment, subjects were informed of the purposes, requirements, process and other details of the
experiment and signed an informed consent approved by the Human Ethics Committee of Ningbo University.

Table 1: Means + standard deviations for the anthropometric parameters between UPT and PT. Subjects had
similar anthropometric parameters, except PT athletes had a significantly smaller VISA-P score

UPT PT
Age (year) 21.3+2.8 21.6 £3.1
Mass (Kg) 83.4+7.6 82.1 £8.9
Height (cm) 1.86 = 0.07 1.85 £ 0.06
Sport (basketball/volleyball) 7/6 7/6
VISA-P 98.6 + 2.5% 63.9 £7.1%

Note: * denotes significance with p < 0.05.

2.2 Experimental Protocol and Procedures

The whole experiment was conducted in the biomechanics laboratory of Ningbo University. All
subjects’ mass and weight were measured with a calibrated scale and stadiometer prior to the formal
experiment. An eight infrared cameras Vicon motion capture system (200 Hz, Oxford Metric Ltd.,
Oxford, UK) was used to capture the three-dimensional motion trajectory data. A floor-embedded force
plate (AMTI, Watertown, MA, USA) was used to collect ground reaction force data with a sampling
frequency of 1000 Hz. The data of kinematics and ground reaction force were synchronously collected
through Vicon Nexus software. As shown in Fig. 1A, thirty-six standard reflective marker (marker
diameter: 12.5 mm) was pasted to the bilateral lower limbs and pelvis to define axes of rotation and track
the motion trajectory based on the previous study [34]. The reflective markers locations included anterior
superior iliac spine, posterior superior iliac spine, medial condyle and malleolus, lateral condyle and
malleolus, first metatarsal heads, distal interphalangeal joint of the second toe, fifth metatarsal heads, and
a total of 6 tracking clusters was pasted to the middle of the lateral thigh, shank and heel.
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Force Plate

Figure 1: The reflective markers placement (front view, back view and side view) following anatomical
bony landmarks; B: A diagrammatic tasks description of the process involved in performing a single-leg
drop landing maneuver by stepping off a 40 cm platform with the dominant leg and landing onto the
center of the force plate

Prior to the formal experiment, participants were required to wear uniform tights, leggings and shoes,
and then complete a 10 min warm-up session that involved familiarizing themselves with the drop
landing task. The practice drop landing warm up sessions within the experimental environment allowed
the participants familiarize themselves with the test movements. A 40 cm high platform was placed in
front of the force plate, surrounded by eight infrared cameras. After the warming up was completed, the
participants were asked to stand on the platform and then perform drop landing task with a single-leg by
stepping off the 40 cm platform (Fig. 1B) [34]. The subjects were asked to use their dominant leg to land
on the force plate (For PT, all of them had patellar tendinopathy in their dominant leg). A successful trial
was defined when the participant was able to step off the platform with arms crossed in front of their
chest and then hold the balance on their dominant legs for at least 2 s after landing. All participants were
allowed a 30 s rest between each landing protocol. A total of 5 successful landing datasets were collected.

2.3 Data Collection and Processing

When the vertical ground reaction force (VGRF) of the force plate exceeds 10N, it is set as the
initial contact point [35]. A total of 5 s data were collected, which were 2 s before initial contact and
three seconds after initial contact. Based on the analysis of filtering frequency selection by Winter,
residual analysis of kinetics and kinematics data was implemented in the subsets to confirm the most
suitable signal-to-noise ratio [36]. Finally, kinetics and kinematics data are filtered by 20 and 10 Hz
Butterworth low-pass filters (fourth-order zero-phase lag). The kinematics and Kkinetics data were
calculated through an inverse kinetics algorithm conducted by the software of Visual 3D (C-Motion Inc.,
Germantown, MD, USA).

The landing period was defined as the initial contact point to peak knee flexion. The positive (negative)
sagittal plane was defined as ankle dorsiflexion (plantarflexion), knee and hip flexion (extension). Joint
power was calculated by the product of the joint moment and joint angular velocity. Joint work was
calculated by the integral of joint power over time, and negative (eccentric) work indicated the energy
dissipation of the joint muscle [28]. The individual joint work contribution to the total energy dissipation
was calculated as the percentage of the joint energy dissipation in the total energy dissipation of the
ankle, knee, and hip joints of the lower extremity joints. The joint moment, joint power and energy
dissipation were standardized to body mass. Data were then imported into MATLAB R2019a (The
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MathWorks, MA, USA) and the written script was used to process the data further. At the same time, all the
data were calculated using MATLAB scripts.

2.4 Statistical Analysis

All data were tested by the Shapiro-Wilk normality test before statistical analysis. If the data were not
normally distributed, the Wilcoxon matched-pairs signed-rank test was performed for non-parametric data.
For mean energy dissipation, peak joint power and other discrete variable analysis, the Independent-samples
T-test were used by Windows ™ software of SPSS 24.0 (SPSSs, Inc., Chicago, IL, USA). Because of the one-
dimensional character of joint power varying with time, the data points were extended to 101 data points time
series curves (expressing the landing phase of 0%—100%) with the MATLAB script. Then the open-source
statistical parametric mapping of one-dimensional (SPM 1d) script of independent-samples 7-test was used
for the statistical analysis [37]. All significance threshold was set at p = 0.05.

3 Results

The athletes of PT and UPT had similar lower limb total energy dissipation (Tab. 2). The statistical
analysis revealed that there were no differences in lower limb total energy dissipation (p = 0.127; UPT:
—3.10 £ 0.26 J/kg; PT: —2.90 + 0.39 J/kg). However, the contribution of lower limb joints to total energy
dissipation was statistically different (p < 0.05). The results of lower extremity energy dissipation
distribution and relative contribution to total negative work are shown in Figs. 2 and 3. For the ankle,
UPT depicted significantly smaller mean energy dissipation (p < 0.001; UPT: —0.82 + 0.14 J/kg; PT:
—0.97 £ 0.13 J/kg) and significantly smaller contribution to total energy dissipation (p < 0.001; UPT:
26.43% + 4.64%; PT: 33.38% = 4.57%) than PT. For the knee, UPT depicted significantly greater mean
energy dissipation (p = 0.002; UPT: —1.57 + 0.40 J/kg; PT: —1.22 + 0.19 J/kg) and significantly greater
contribution to total energy dissipation (p < 0.001; UPT: 50.71% + 12.78%; PT: 42.20% =+ 6.69%) than
PT. The statistical analysis revealed that there were no significant in hip mean energy dissipation
(» = 0.968; UPT: —0.72 £ 0.10 J/kg; PT: —0.71 + 0.13 J/kg) and contribution to total energy dissipation
(p = 0.523; UPT: 23.19% + 3.45%; PT: 24.41% + 4.26%).

Table 2: Means + standard deviations for the peak joint angle, peak joint power, peak joint moment, the
mean energy dissipation (eccentric joint work) and the percentage contribution to total energy dissipation of
ankle knee and hip joints, and total energy dissipation of lower extremity between UPT and PT

UPT PT p

Total energy dissipation of lower extremity (J/kg)  —3.10 £ 0.26 -2.90 + 0.39 P=0.127

Ankle  Mean energy dissipation (J/kg) -0.82 £0.14* -0.97 £0.13* P <0.001
Contribution to total energy dissipation (%) 26.43 +4.64* 3338 +4.57* P <0.001
Peak joint power (W/kg) -12.99 £2.10* -19.82 £2.56* P <0.001
Peak joint moment (Nm/kg) 0.99 £ 0.26* 1.27 £0.19* P=0.05
Initial contact angle (°) 31.01 £5.02*% 3594 +4.62* P=0.043
Peak plantarflexion angle (°) —23.40 £4.49* —-13.08 £3.78% P <0.001

Knee Mean energy dissipation (J/kg) -1.57+£0.40* -1.22+£0.19* P =0.002
Contribution to total energy dissipation (%)  50.71 £ 12.78* 4220 + 6.69* P < 0.001
Peak joint power (W/kg) -15.73 £4.81 —-1392+267 P=0.252
Peak joint moment (Nm/kg) 2.43 £ 0.48* 1.78 £ 0.38* P <0.001
Initial contact angle (°) 18.46 + 5.08* 13.26 £4.64*  P=0.029
Peak flexion angle (°) 76.54 + 7.82%* 55.01 £6.56* P <0.001

(Continued)
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Table 2 (continued).
UPT PT p

Hip Mean energy dissipation (J/kg) -0.72 £0.10 -0.71 £ 0.13 P =0.968
Contribution to total energy dissipation (%) 23.19 + 3.45 2441 £4.26 P=0.523
Peak joint power (W/kg) —7.05 + 1.69 —7.18 £ 1.28 P =0.856
Peak joint moment (Nm/kg) 2.09 + 0.69* 1.71 £ 0.36* P=0.04
Initial contact angle (°) 18.90 +4.07 22.78 +£3.48 P =0.067
Peak flexion angle (°) 52.72 £ 5.65 50.71 £ 6.41 P=0.334

Note: J/kg: Joules per kilogram, W/kg: Watts per kilogram, Nm/kg: Newton meters per kilogram, * denotes significance with p < 0.05.
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Figure 2: Comparison of lower extremity energy dissipation distribution in the ankle, knee and hip between
UPT (dark black) and PT (dark red) during landing. * refer to the significant difference between UPT and PT
(p <0.05)
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Figure 3: Comparison of mean relative contribution joints work value in the ankle (dark black), knee (light
grey) and hip (diagonal) between UPT and PT during landing. * refer to the significant difference between
joints (p < 0.05)

For the peak ankle knee and hip angle during the landing phase (Tab. 2), UPT depicted a significantly
greater peak plantarflexion angle (p < 0.001) and greater peak knee flexion angle (p < 0.001) than PT. The
results of peak joint power and peak joint moment are shown in Fig. 4. For the ankle, UPT depicted
significantly smaller peak joint power (p < 0.001) and a smaller peak joint moment (p = 0.05) than PT.
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For the knee, UPT depicted a significantly greater peak joint moment (p < 0.001) than PT, but there were no
significant in peak joint power (p = 0.252). UPT depicted a significantly greater peak joint moment (p = 0.04)
for the hip, but there were no significant in peak joint power (p = 0.856). As shown in Fig. 5, the SPM
analysis revealed that UPT depicted a significantly smaller ankle joint power during the 10.90%—-20.06%
(p < 0.001) landing phase and a significantly greater knee joint power during the 30.54%—47.64%
(p <0.001) landing phase than PT.
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Figure 4: Comparison of peak joint power and peak joint moment in the ankle, knee and hip between
UPT (dark black) and PT (dark red) during landing. * refer to the significant difference between UPT and
PT (p < 0.05)
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4 Discussion

The purpose of this study was to compare and analyze lower limb sagittal joint work values during
single-leg landing between individuals with PT and without UPT and to determine the relative
contribution of the eccentric work done by each joint to the load attenuation. Our current study results are
partially consistent with the proposed hypothesis. Compared with UPT athletes, PT depicted significantly
greater ankle mean energy dissipation and contribution to total lower limb energy dissipation. PT showed
significantly smaller knee mean energy dissipation and contributed to total lower limb energy dissipation
during landing tasks. Although there were no statistically significant differences in the amount of hip
eccentric work and the value of total lower limb energy dissipation, the UPT showed a greater value of
total lower limb energy dissipation when compared to PT during landing.

The knee joint plays a vital role in absorbing shock during contact between the body and the ground
[38,39]. When landing with a single-leg, the energy transfer and impact can only be assimilated by the
lower limb’s muscle tissue in contact with the ground. Therefore, as a joint capsule with multiple joints,
the knee can easily be damaged during the process of energy impact and transmission. Previous studies
have shown that the knee joint plays a leading role in lower limb energy consumption, accounting for
about 56% of the total energy dissipation of lower limbs during drop landing with single-leg [28,40]. Our
current study indicated that UPT accounted for about 50.71% (standard deviation: 12.78%) of the total
energy dissipation during a single-leg landing, and the results are consistent with the previous study.
However, the PT only accounted for about 42.20% (standard deviation: 6.69%) of the total energy
dissipation. The damping capacity of the knee joint to energy shock seemed to be reduced in the PT.
Previous studies have shown that the joint structure’s risk of potential injury can be reduced by increasing
the lower limb joints’ energy dissipation during the landing process [28,31]. The PT shows a smaller
range of motion of the knee during landing, which reduces the knee’s ability to dissipate impact energy
[28,41,42]. The lower knee flexion angle during landing also causes the muscular system to absorb less
kinetic energy from the body, thus increasing the impact pressure on other body tissues [38]. Therefore,
PT may have a self-protection mechanism due to a significant reduction in the knee’s contribution to the
lower limb’s total energy dissipation.
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(dark red) during single-leg landing, depicting the mean joint power and standard error of ankle, knee and
hip. The X-axis represents the mean percentage of the landing phase (%). The grey shaded areas
significantly differ (p < 0.05) between UPT and PT during the landing phase
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During landing, the lower extremity undergoes a distal-to-proximal loading condition where by the foot
and ankle joints are loaded before the load distribution is transferred to the knee and hip joints. Previous
studies have indicated that the ankle joint’s contribution to load attenuation is limited as mechanical
requirements increase, however, more proximal muscle tissues have a greater capacity to execute the
eccentric work associated with landing [20,28]. Our current study results of the individual joint
work values showed that the UPT had significantly smaller mean energy dissipation (p = 0.001;
UPT: —0.82 + 0.14 J/kg; PT: —0.97 £ 0.13 J/kg) and significantly smaller contribution to total energy
dissipation (p = 0.001; UPT: 26.43% =+ 4.64%; PT: 33.38% =+ 4.57%) compared to PT. These results
suggest that PT experiences a greater contribution to total energy dissipation, and PT has a smaller
dependence on proximal muscle tissue. It seems to be a process in which the ankle joint receives the
energy impact of other joint’s eccentric work of the lower limbs during the landing process. Previous
study only compared the energy dissipation value of each joint of the lower limbs between UPT and PT
during landing. These studies showed no significant difference in the ankle joint’s energy dissipation
[19,20,28]. Nevertheless, when we quantified the ankle eccentric work value’s contribution ratio to the
lower limbs’ total energy dissipation, we found a significant difference in the energy contribution ratio
between PT (33.38% =+ 4.57%) and UPT (26.43% = 4.64%). While the joint eccentric work values offer
an understanding of the energy absorption offered by individual joints and total mechanical requirements,
relative joint work values permit researchers to calculate and quantify each joint’s relative contribution to
total energy dissipation during the landing task.

Landing biomechanics in dynamic missions is a crucial factor associated with patellar tendinopathy and
it is essential to adapt to excessive impact during landing [18] effectively. Although our results revealed that
there were no differences in lower limb total energy dissipation (p = 0.127; UPT: -3.10 £ 0.26 J/kg;
PT: -2.90 + 0.39 J/kg), the total energy dissipation of PT less than UPT is consistent with the results of
previous studies [27,28]. These findings may suggest that the musculoskeletal system transfers energy
shocks to the external environment during landing, and neuromuscular strategies are considered to
optimize athlete performance based on these mechanisms. A previous study has shown that the stress
exerted on the lower extremities during landing can cause different injury patterns to develop. Hence, the
foot interaction with the ground plays an important role in the musculoskeletal system [29]. From an
anatomical perspective, the ankle joint connects the foot to the shank and is affected by the impact
loading during landing. Therefore, the athletes with PT may be associated with a greater risk of ankle
injury during landing because the ankle shows a greater energy contribution to total energy dissipation.
Regarding the hip joint, our results showed that there were no differences in hip mean energy dissipation
and contribution to total energy dissipation between UPT and PT. The interpretation of this finding could
be that the hip joint acts as a distal joint. The effect of the energy impact on the hip joint is absorbed by
the musculoskeletal system via the landing energy transfer process. Therefore, based on the unique
difference in lower limb joints’ contribution to total energy dissipation between PT and UPT during
landing, PT athletes’ joint energy dissipation during landing is worthy of attention.

Although the current study has novel findings in the biomechanics of lower limb landing in PT athletes,
the authors recognize some limitations. Our study only compared and analyzed the energy dissipation during
landing between athletes with PT and athletes UPT. The biomechanics of landing in athletes with
asymptomatic patellar tendinopathy were not explored. Although previous studies have shown no
difference in energy dissipation during landing between asymptomatic patellar tendinopathy athletes and
UPT athletes [27], the relative energy contribution of each joint during landing in asymptomatic patellar
tendinopathy athletes should continue to be explored. Another limitation of our study was that we only
used 40 cm of landing height, even though 40 cm of landing height is generally accepted. Landing
heights higher or lower than 40 cm should also be considered to reveal the differences that different
landing heights and associated mechanical requirements may bring to PT and UPT athletes. Finally, our
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study’s sample size was only 26 (UPT: 13, PT: 13) athletes, and larger sample size should be considered to
further and deeper reveal the energy dissipation strategy of PT during landing.

5 Conclusions

The findings of this study indicate that athletes with symptomatic patellar tendinopathy (PT) and athletes
without patellar tendinopathy (UPT) show unique lower limb biomechanical characteristics and that each
joint within the lower limb promotes these unique landing modes during landing. Our study showed that
the PT depicted significantly greater ankle joint and smaller knee joint mean energy dissipation and
contribution to total energy dissipation during landing in comparison to UPT. However, there were no
differences in hip eccentric work and lower limb total energy dissipation. A deeper understanding of each
joint’s energy dissipation contribution ratio between UPT and PT during landing can provide clues to
reveal the biomechanical mechanism of PT athletes landing.
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