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OVERVIEW 
Patellar tendinopathy is a insidious knee injury with a high prevalence in sports involving 

repetitive vertical jumping together with high speed and power demands, such as volleyball[1-3], 
basketball[1, 3, 4] and soccer[1, 3].  As there is a high incidence of patellar tendinopathy in a broad 
range of sports, practical strategies to reduce the incidence and severity of this injury in a diverse 
variety of sporting communities need to be developed.  In order to identify what characteristics of 
an athlete’s landing technique contribute to an increased risk of athletes developing patellar 
tendinopathy, the characteristics of an athlete’s landing technique and how patellar tendon loading 
changes during landing in asymptomatic healthy athletes needs to be firstly established.  Once 
established, investigation into risk factors associated with patellar tendinopathy such as, fatigue 
can then be investigated.  This study aimed to characterise an athlete’s landing technique and how 
patellar tendon loading changed when asymptomatic healthy athletes landed using a stop-jump 
movement (SJ), and how these biomechanical factors were moderated by fatigue. 

Twenty-three skilled male soccer, basketball and volleyball players were recruited as 
subjects.  All subjects underwent a patellar tendon ultrasound and a laboratory-based 
biomechanical assessment of a stop-jump movement (SJ).  The results for 16 subjects (mean age = 
22.4 ± 2.9 years; height = 182.1 ± 8.7 cm; mass = 75.7 ± 10.1 kg), who had no patellar tendon 
ultrasonographic abnormality, were analysed.  The patellar tendon force, ground reaction force, 
kinematic and muscle activity variables were analysed using paired t-tests to determine whether 
there were any significant (p ≤ 0.05) differences in the variables between the two landing phases 
within the SJ (horizontal and vertical) and the two fatigue conditions (non-fatigued and fatigued). 

When comparing the landing phases in a SJ, subjects landed with significantly less vertical 
GRF; greater peak FPT; higher vertical GRF loading rates; less ankle plantar flexion at initial 
contact; greater ankle dorsiflexion at peak vertical GRF; greater knee and hip flexion; and earlier 
onset of tibialis anterior, vastus medialis and vastus lateralis muscle activity relative to initial 
contact in the horizontal landing phase compared to the vertical landing phase.  In addition, when 
fatigued, subjects recorded significantly decreased peak FPT; increased vertical GRF loading rates; 
decreased knee and hip flexion; and decreased approach speed in the horizontal landing although 
only a significantly later onset of tibialis anterior and hamstring muscle activity in the vertical 
landing phase compared to landing in a non-fatigued state. 

Vertical and horizontal landing movements require significantly different segmental kinetics, 
kinematics and muscle activation patterns resulting in significantly different FPT.  Additionally, 
although fatigue has been linked to lower limb injury and is a potential risk factor of patellar 
tendinopathy via affecting load dissipation efficiency, the effects of fatigue appear movement 
dependent.  That is, fatigue only caused subjects in the present study to modify their landing 
mechanics when they performed the horizontal phase of the SJ.  Therefore, landing movements 
that incorporate a horizontal phase may place athletes at greater risk of developing patellar 
tendinopathy than movements that incorporate purely vertical movements.  However, as the actual 
patellar tendon forces decreased in the horizontal phase when fatigued, further research is required 
to confirm or refute these findings and associate horizontal movements with the onset of patellar 
tendinopathy.  However, these results have important implications for future landing studies as 
many studies investigating lower limb injuries, particularly patellar tendinopathy have attempted 
to draw conclusions from a single movement task, such as a vertical drop landing.  Further 
research is also warranted to determine the extent to which other risk factors associated with 
patellar tendinopathy such as, presence of a patellar tendon ultrasonographic abnormality, affect 
landing mechanics and injury incidence so that practical injury prevention strategies to reduce the 
incidence and severity of this injury in a diverse variety of sporting communities can be 
developed. 
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INTRODUCTION 
 
What is patellar tendinopathy? 

Patellar tendinopathy, commonly known as “jumper’s knee”, patellar tendinitis or patellar 
tendinosis, is any micro-tearing along the knee extensor mechanism.  This micro-tearing can occur 
anywhere from the quadriceps tendon insertion on the upper pole of the patella to the proximal 
patellar tendon insertion on the inferior pole of the patella and/or to the distal patella ligament 
insertion on the tibial tuberosity[14, 15] (see Figure 1).  Individuals typically experience pain on the 
anterior aspect of the patella and tenderness on palpation of the patellar tendon.  Although the 
injury is self limiting[16], it can impair an athlete’s performance by reducing training and 
competition levels for long time periods[1], severely limiting or even ending athletic careers[1, 16].  
Most athletes with patellar tendinopathy have continued playing their sport with the associated 
symptoms for several years[1], with rest offering only temporary pain relief and pain typically 
returning with resumption of activity[16].  Surgical outcomes for patellar tendinopathy are poor and 
unpredictable.  For example, a 4-year follow-up from surgical intervention for patellar 
tendinopathy revealed that, following surgery, only half of the subjects were competing at their 
pre-surgery sporting levels[17].  Despite substantial pathological and histological evidence 
pertaining to patellar tendinopathy in the literature, there is limited research on the specific 
intrinsic and/or extrinsic factors that increase the risk of patellar tendinopathy[18-22].  In order to 
decrease the incidence and severity of patellar tendinopathy within sporting communities, via 
effective prevention and/or treatment regimes, knowledge of risk factors that contribute to the 
injury incidence and severity require urgent investigation. 

 

Figure 1: Location of pain in patellar 
tendinopathy (adapted from 
Ferretti et al.[23], p 133). 

 
Does excessive repetitive loading increase the risk of patellar tendinopathy? 

Of all the intrinsic and extrinsic risk factors associated with patellar tendinopathy, the main 
risk factor for this injury has been identified as a high frequency of repetitive jumping[14, 15, 24].  
Activities involving rapid acceleration, deceleration, jumping and landing, place large loads on the 
extensor mechanism[25], as the extensor muscles act to dissipate the kinetic energy generated 
during landing[26].  It is this high eccentric and impulsive loading placed on the extensor 
mechanism during repetitive jumping and landing that is involved in the aetiology of patellar 
tendinopathy[18, 27].  

In jumping, the patellar tendon may sustain forces of up to 8,000 N compared to only 500 N 
typically developed during walking[28].  Richards et al.[19] reported that ground reaction forces 
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generated during the spike jump landing in volleyball (5.6 - 6.0 times body weight) were 
approximately double those recorded during the spike jump take-off, the block jump landing, or 
running.  It is postulated that the larger ground reaction forces generated during the spike jump 
landing would increase the patellofemoral joint load and may cause the patella to move into an 
unfavourable position.  However, no research was located to identify which biomechanical factors 
affect patellar tendon forces generated during landing in soccer, basketball or volleyball or how 
these factors are moderated by fatigue.   

Two studies were located which attempted to predict patellar tendinopathy in elite volleyball 
players[19, 22].  Richards et al.[19] found an association between greater knee flexion during landing 
with the injury, suggesting that when players land with their knees more flexed, it may increase 
patellar tendon tension, contributing to the development of patellar tendinopathy.  A more recent 
study[22] found that a significant predictor of patellar tendinopathy was a greater foot inversion 
moment during landing of the spike jump.  Combining the results of these two studies, Richards et 
al.[22] claimed that predictors of patellar tendinopathy included a high ground reaction force at 
landing, a high rate of extensor moment development, deep angles of knee flexion during landing, 
a knee external moment during take-off and greater foot inversion moment during the landing.  
Although providing some insight into possible factors contributing to patellar tendon loading, both 
studies were restricted to elite indoor volleyball players and therefore may not be applicable to 
other athletes of varying skill levels competing in sports other than volleyball.  Furthermore, no 
research was located that has examined the loads the patellar tendon must withstand during a 
dynamic landing upon which we can identify specific biomechanical variables of a player’s 
landing technique that may exacerbate patellar tendon forces, or how these factors are moderated 
by fatigue. 
 
Why may fatigue increase patellar tendon loads sustained during a dynamic landing? 

Fatigue has been linked to lower limb injury[29-32] and is another potential factor that may 
affect the ability of the lower limb to efficiently dissipate the loads sustained during landing and, 
in turn, lead to an increase in patellar tendon loading.  Fatigue is known to decrease muscle 
performance in landing tasks, partially as a result of less efficient use of elastic energy and 
fatigued muscles that are less able to absorb repetitive shock or stress.  As the patellar tendon 
already sustains high loads during repetitive jumping activities, a decreased ability of the lower 
limb muscles to absorb the shock, as a result of fatigue, may contribute to the development of 
patellar tendinopathy by increasing the repetitive shock or stress transferred to the patellar tendon 
during landing.  As patellar tendinopathy has been associated with a greater knee flexion angle[19] 
and foot inversion moment during landing[22], these factors, which may be exacerbated when 
athletes perform landing movements when fatigued, may increase patellar tendon loading.  
Therefore, fatigue may indirectly increase the risk of developing patellar tendinopathy by 
potentially leading to greater patellar tendon force.  However, no research was located to identify 
the effect of fatigue on patellar tendon forces during a dynamic landing and, in turn, implications 
for developing patellar tendinopathy. 
 

AIMS & HYPOTHESES 
 
What did we aim to achieve? 

In order to assist in reducing the incidence and severity of patellar tendinopathy across the 
sporting community, the purpose of this study was to identify which biomechanical characteristics 
of a athlete’s landing technique contribute to high patellar tendon loading during landing and how 
these biomechanical factors are moderated by fatigue. 
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What did we hypothesise? 
Based on previous literature, we hypothesised that: 
(1) the horizontal landing phase within a stop-jump movement will be characterised by 

significantly different patellar tendon forces, ground reaction forces, changes in lower limb 
alignment and motion, and altered lower limb muscle activation patterns compared to the 
vertical landing phase; and 

(2) fatigue induced by repetitive jumping will result in higher patellar tendon loading, higher 
ground reaction forces, changes in lower limb alignment and motion, and altered lower limb 
muscle activation patterns compared to when non-fatigued during landing. 

 

METHODS & PROCEDURES 
 
Subjects 

Twenty-three skilled male basketball, soccer or volleyball players (mean age = 23.7 ± 4.0 
years; height = 183.0 ± 6.2 cm; mass = 82 ± 10.4 kg) of a variety of skill levels, with no history of 
traumatic lower limb injuries, were recruited as subjects for the study.  Subjects were restricted to 
players between 18 and 35 years of age as tendon quality degenerates with age.  Written informed 
consent was obtained from each player prior to data collection and all testing was conducted 
according to the NHMRC Statement on Human Experimentation[33].  As subjects served as their 
own controls, no control subjects were required.  Additionally, as patellar tendinopathy is twice as 
prevalent in male athletes compared to female athletes[1, 34], this study focused on male athletes. 

It has been hypothesised that another risk factor associated with developing patellar 
tendinopathy is an asymptomatic patellar tendon ultrasonographic abnormality (PTA)[35-37].  A 
PTA is defined as either a hypoechoic region evident on both a longitudinal and transverse 
ultrasound scan or fusiform swelling without hypoechoic areas[36] (see Figure 2).  The clinical 
importance of a PTA has not yet been clarified[2], as PTA has not been directly related to 
symptoms of patellar tendinopathy[2, 46, 48, 51].  However, presence of a PTA has been observed in 
athletes with patellar tendinopathy[2, 17, 38-45] and is higher in athletes than non-athletic individuals[2, 

46].  As it is unknown whether asymptomatic athletes with a PTA utilise a particular landing 
strategy that may increase their risk of developing patellar tendinopathy, all subjects had both legs 
screened by a qualified ultrasonographer, Sue Beattie (South Coast X-Ray, Dapto, NSW), using an 
Antares with 13 MHz linear array (Siemens AG, Germany) to determine the presence of a PTA.  
Therefore, of the 23 recruited subjects, only the results for 16 subjects (mean age = 22.4 ± 2.9 
years; height = 182.1 ± 8.7 cm; mass = 75.7 ± 10.1 kg), who had no PTA, were analysed. 
 

(A)     (B)  
 

Figure 2: Ultrasound of a patellar tendon abnormality (PTA) defined as a hypoechoic region 
evident on both (A) longitudinal and (B) transverse ultrasounds. 
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Experimental protocol 
Testing was conducted over three testing sessions during a two week period.  Day 1 involved 

each subject undergoing a familiarisation of the fatigue protocol in the Biomechanics Research 
Laboratory (BRL), University of Wollongong.  Day 2 involved each subject undergoing an 
ultrasound assessment of both patellar tendons by a qualified ultrasonographer who evaluated their 
patellar tendon morphology.  Within a week of Day 2, the subjects attended the BRL for Day 3 of 
data collection.  Day 3 involved the collection of anthropometric data (including height, mass, and 
lower limb dimensions) following standard procedures[52] as later input into a mathematical model 
to allow us to predict the patellar tendon forces generated during the experimental movement.  The 
subjects then performed five successful trials of a stop-jump movement that is typically performed 
within the three sports (basketball, soccer and volleyball) from which the subjects were drawn 
while kinematic, kinetic and muscle activation data were collected.  The subjects were then 
fatigued and immediately after the fatigue protocol, five successful additional stop-jump 
movements were performed.  The procedures describing the stop-jump movement, fatigue protocol 
and data collected during Day 3 of testing are described below. 
 
Stop-jump movement 

A stop-jump movement (SJ) was chosen as the experimental task as soccer, basketball and 
volleyball players regularly perform this skill during a typical game and/or training.  More 
importantly, the movement involves rapid acceleration and deceleration, placing large stresses on 
the knee extensor mechanism and, in turn, the patellar tendon.  The SJ performed in this study 
involved a four step approach towards two force platforms with the subjects then performing a two 
foot landing, one foot on each force platform, jumping vertically upwards, followed by another 
two foot landing onto the force platforms.  This movement comprised five phases: preparation 
phase, first landing phase (horizontal landing), take-off phase, flight phase and second landing 
phase (vertical landing).  The exact transition between each of the five phases during each trial was 
determined using the vertical ground reaction force-time curves (see Figure 3). 
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Figure 3: The five phases of the stop-jump movement identified from vertical ground reaction 

forces include: (A) the preparation; (B) the first landing; (C) the take-off; (D) the flight; 
and (E) the second landing. IC1 = initial contact during the horizontal landing phase; 
MAX1 = peak vertical ground reaction force during the horizontal landing phase; TOS 
= first local minimum of vertical ground reaction force indicating transition between 
the horizontal landing phase and take-off of the vertical jump; TO = take-off; IC2 = 
initial contact during the vertical landing phase; and MAX2 = peak vertical ground 
reaction force during the vertical landing phase. 
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Fatigue protocol 
A fatigue protocol that utilises the typical muscle action performed throughout a soccer, 

basketball or volleyball game, and which enables us to evaluate the effects of fatigue on landing 
performance was developed.  Movements performed during these sports, such as running and 
jumping, are frequently characterised by a stretch-shortening cycle (SSC) muscle action[53], in 
which the patellar tendon is continually loaded.  The fatigue protocol therefore included activities 
to simulate the demands of a SSC muscle action.   

The fatigue protocol involved subjects completing a 5-10 minute warm-up on a cycle 
ergometer at a self-selected pace.  Subjects were then familiarised with the SSC movement, which 
was performed on a sledge apparatus, inclined 23.6° from the horizontal (see Figure 4).  This SSC 
movement entailed the subjects performing a series of bilateral submaximal rebound jumps to 
propel themselves along the gliding track of the sled fatiguing the major muscle groups of interest 
in a controlled, reliable and safe manner (see Figure 4).  Once the subjects were familiarised with 
the exercise, they performed three maximum SSC exercises (100%) with 2 min rest between each 
effort.  The subjects then repeatedly performed 30 submaximal SSC exercises (rebounding to 70% 
of their maximum SSC exercise height), followed by 30 s rest.  Subjects continued to perform sets 
of SSC exercises until they could no longer maintain 70% of their maximum SSC exercise height.  
Immediately after completing this fatigue protocol, the subjects again performed five SJ in rapid 
succession.  To confirm the level of player fatigue, two blood lactate samples were taken using an 
Acusport Analyser, one at rest and one following the fatigue protocol.  The fatigue protocol has 
been previously validated and shown to reliably induce fatigue in male soccer, basketball and 
volleyball players[54]. 
 

     
 

   
 
Figure 4: A subject performing the stretch-shortening cycle (SSC) exercise within the sledge 

apparatus during the fatigue protocol. 
 
Kinematic data 

Each subject’s motion during the SJ was recorded (100 Hz) from both the lateral and frontal 
aspects using an OptoTrak 3020 motion analysis system.  For each lower limb, infrared emitting 
diodes were placed on the foot, leg, and thigh segments to enable the movement of these segments 
to be tracked.  Two Position Sensors then sequentially sampled the mean centroid position of each 
marker so that the three-dimensional co-ordinates for each segment were stored on a personal 
computer for later analysis.  The kinematic data were filtered using a fourth order zero-phase shift 
Butterworth (high-pass cut-off (ƒc) = 18 Hz) to eliminate any movement artefact and analysed 
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using Visual 3D software (Version 3, C-Motion, Maryland, USA).  Kinematic variables were 
calculated from the processed data and included those variables required for later calculation of the 
patellar tendon forces, as well as ankle, knee and hip joint alignment and motion at initial foot-
contact (IC) and at the time of the peak resultant ground reaction force (FR). 
 
Kinetic data 

Three orthogonal components and the point of application of the ground reaction forces 
(GRF) of each lower limb were recorded during both landing phases using two 600 mm x 400 mm 
x 61 mm Kistler multichannel force platforms (Type 9281B; Type 9253B; Kistler, Winterthur, 
Switzerland) embedded in the floor and connected each to two multichannel charge amplifiers 
(Type 9865A; Type, 9865B; Kistler, Winterthur, Switzerland).  Force data were sampled (1000 
Hz) during the SJ for at least five successful trials (that is, landing with each foot in the middle of 
the respective force platform).  For the data files for each force platform, the four vertical (FV), two 
mediolateral (FML) and two anterior-posterior (FAP) force channels were summed and scaled to 
obtain force-time curves.  The GRF data were used to determine the magnitude and timing of FR 
and to determine the five phases of each SJ, described previously.  The GRF, free moments and 
centre of pressure data were filtered using a fourth-order zero-phase-shift Butterworth digital low 
pass filter (fc = 18 Hz) before calculating individual knee joint moments and patellar tendon forces.  
Patellar tendon force was calculated by dividing the knee joint moment by the patellar tendon 
moment arm using the following equation: 

FPT = Mk/dp 
where:  Mk  = the net muscle moment acting on the leg segment at the knee 
 dp = the moment arm of FPT relative to knee flexion based on Herzog & Read[55] 
 
Muscle activation patterns 

Electromyographic (EMG) activity of rectus femoris (RF), vastus lateralis (VL), vastus 
medialis (VM), biceps femoris (BF), semitendinosus (ST), medial head of gastrocnemius (MG) 
and tibialis anterior (TA) were recorded for both lower limbs during the SJ.  Following standard 
preparation[56], bipolar silver-silver-chloride surface electrodes (Ambu® Blue Sensor M, electrode 
size = 40.8 x 32 mm, detection area = 13.2 mm) were placed longitudinally on each muscle belly 
(inter-electrode distance of 20 mm).  A common reference electrode was located on the medial 
tibial tuberosity of each lower limb.  Electrode potentials were relayed from the electrodes to two 
TeleMyo 900 battery powered transmitters strapped firmly to the subject’s lower back, via leads.  
The EMG signals were then relayed from two transmitters to two TeleMyo 900 (Noraxon, U.S.A., 
Scottsdale AZ) receivers via two antennas connected to transmitters.  The analog output for the 
seven muscles of both lower limbs from each receiver were recorded in real-time at 1000 Hz 
(bandwidth 10-500 Hz). 

The raw EMG signals were filtered using a fourth order zero-phase shift Butterworth (ƒc = 15 
Hz) to eliminate any movement artefact.  To quantify temporal characteristics of the muscle bursts 
the filtered EMG data were full-wave rectified with a 20 Hz low pass filter to create linear 
envelopes that were then screened using a threshold detector (8% of the maximum amplitude) 
using custom EmgAnalysis Labview software (Labview 8, National Instruments).  Each individual 
muscle’s filtered EMG signal was visually inspected to confirm the validity of the calculated 
results to minimise the probability of a Type I error.  Due to large between-subject variations in 
the muscle activation strategies utilised during the entire SJ and the resultant difficulty in 
comparing between subjects, muscle activity was only analysed for the first muscle burst of each 
muscle activated during each landing phase of the SJ.  Therefore, the time from onset of muscle 
activity relative to IC and time of peak FR (ms) were analysed for the seven muscles of each 
subject’s lower limb during the horizontal and vertical landing phases of the SJ in the non-fatigued 
and fatigued conditions. 
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Statistical analysis 
Normality (Kolmogorov-Smirnov test with Lilliefors’ correction) and equal variance 

(Levene Median test) of the data were initially confirmed.  Means and standard deviations for the 
dependent variables (GRF, kinematic, FPT and EMG data) for the SJ in both landings (first landing 
phase or horizontal landing (HORZ) and second landing phase or vertical landing (VERT)) were 
then calculated for the subjects.  The GRF, kinematic, FPT and EMG variables were then analysed 
using a paired t-test design.  The purpose of this design was to determine whether there were any 
significant (p ≤ 0.05) differences in the variables between the two landing phases within the SJ 
(HORZ and VERT).  In addition, as fatigue effects are task specific[11], each landing phase was 
analysed individually using paired t-tests were also used to determine whether there were any 
significant differences between the two fatigue conditions (non-fatigued and fatigued).  All 
statistical procedures were conducted using SPSS (Version 15.0). 
 

PART 1: CHARACTERISING THE LANDING 
PHASES OF A STOP-JUMP MOVEMENT 
 
Results 
Kinetic data:  The means and standard deviations for the GRF variables and peak FPT generated 
during the two landing phases within the SJ are presented in Figure 5.  During the HORZ, subjects 
generated a significantly lower mean peak FV, took significantly less time to reach peak FV, had a 
significantly higher FV loading rate and recorded a significantly higher mean peak FPT than during 
the VERT (see Figure 5).  Previous studies investigating the HORZ in a SJ have reported 
similar[57-59] or lower[60, 61] peak FV and a slightly faster time to peak FV

[58, 59, 61].  No studies 
investigating the SJ have reported any kinetic variables during the VERT.  However, other studies 
investigating a vertical drop landing have reported similar[10, 61] or higher[11, 62] peak FV, a higher 
FV loading rate[10, 11] and a faster time to peak FV

[11, 62] compared to the data presented for the 
VERT in the present study.  Peak FPT data could not be located for the SJ. 
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Figure 5: Means ± standard deviations for the peak vertical ground reaction (peak FV) and 
patellar tendon (peak FPT) forces during the horizontal (HORZ) and vertical (VERT) 
landing phases of the stop-jump movement (*indicates a significant difference between 
HORZ and VERT). 
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Kinematic data:  The means and standard deviations for the ankle, knee and hip angles generated 
during the two landing phases within the SJ are presented in Figure 6.  Accompanying the 
significant differences in the kinetic data, subjects displayed significantly different lower limb 
motion and alignment during the HORZ when compared to the VERT.  That is, during the HORZ, 
subjects landed with significantly less ankle plantar flexion, greater knee and hip flexion at IC; and 
significantly greater ankle plantar flexion and hip flexion at peak FV and peak FPT compared to the 
VERT (see Figure 6).  Previous studies investigating the HORZ in a SJ have reported similar knee 
angles[57-60, 63] and similar[60] or greater[59] hip angles.  No studies investigating the SJ have 
reported any kinematics of the VERT.  However, other studies investigating a vertical drop 
landing have reported similar[11, 62] or less[10] ankle plantar flexion, similar[10, 62], less[11] or 
greater[61] knee flexion, and similar[10] or greater[61] hip flexion angles at IC to those recorded in the 
present study. 
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Figure 6:  Means and standard deviations 
of (A) ankle dorsi-plantar flexion (90° = 
neutral ankle), (B) knee flexion (0° = 
extended hip) and (C) hip flexion (0° = 
extended knee) angles during horizontal 
(HORZ) and vertical (VERT) landing 
phases of the stop-jump movement 
(*indicates a significant difference between 
HORZ and VERT; FV = vertical ground 
reaction force; FPT = patellar tendon force). 

 
Muscle activation patterns:  The means and standard deviations for the onset of muscle activation 
generated during the two landing phases within the SJ are presented in Figure 7.  Irrespective of 
landing type, in anticipation of the loads to be generated, the subjects used an anticipatory muscle 
activation strategy to stabilise their lower limbs at landing.  However, the muscle recruitment order 
differed between the HORZ and VERT in the SJ.  During the HORZ, subjects initially recruited 
TA then ST, MG and BF followed by the quadriceps muscles (VM, VL and RF).  During the 
VERT, MG was initially recruited followed by the hamstring muscles (BF and ST), TA and lastly 
the quadriceps muscles (VM, VL and RF).  When comparing the two landing phases of the SJ, 
subjects recorded a significantly earlier activation of VL, VM and TA during the HORZ compared 
to the VERT.  Pre-programmed muscle recruitment strategies similar to those found in the present 
study for the HORZ have been reported for a deceleration task involving a single-limb landing to 
catch a ball[65, 66] and in a run and rapid stop movement[30].  However, in studies investigating 
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vertical drop landings, the data differed to those recorded for the VERT in the present study 
whereby MG has been initially recruited followed by the quadriceps muscles (RF and VL), and 
then either the hamstring (BF and ST)[11] or TA[62] muscles.  No data were located in the literature 
pertaining to muscle activation patterns during a SJ, against which the present results could be 
directly compared.  Despite high variability in the muscle recruitment patterns (see Figure 7), 
subjects activated their VL, VM and TA significantly earlier during performance of the HORZ 
compared to the VERT. 
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Figure 7: Muscle burst onset relative to initial contact (time = 0 s) during the (A) horizontal 
(HORZ) and (B) vertical (VERT) landings of the stop-jump movement (*indicates a 
significant difference between HORZ and VERT; negative values indicated muscle 
activation before initial contact). 

 
Discussion 

Despite excessive repetitive loading thought as the major extrinsic risk factors associated 
with patellar tendinopathy, only limited research was located that investigated patellar tendon 
loading during different movement tasks.  No research was located that characterised an athlete’s 
landing technique and how patellar tendon loading is altered when landing.  The present study 
provides us with information about the characteristics of an athlete’s landing technique and how 
patellar tendon load alters when landing in asymptomatic healthy athletes. 

Most studies investigating patellar tendinopathy have used the peak FV sustained during 
landing as representative of the forces the patellar tendon sustains.  However, it has also been 
shown that two different movement tasks (squat and counter-movement jump) producing similar 
peak FV produce very different peak FPT

[67].  In the present study, although the subjects sustained a 
significantly lower peak FV in the HORZ, they recorded a significantly higher peak FPT and the 
opposite was true during the VERT.  These results indicate that there may not be a linear 
relationship between peak FV and peak FPT, and consequently, using the peak FV sustained during 
landing as representative of the peak FPT needs to be questioned.  However, further research is 
required to confirm or refute the relationship between peak FV and peak FPT. 

Many studies have utilised a vertical drop landing to investigate the lower limb landing 
mechanics in injuries such as patellar tendinopathy[10, 11].  Vertical drop landings isolate the 
landing phase from the whole jump task, standardising the land via the initial jump height.  
Despite the drop landing not being a common sport-related jump, these studies have extrapolated 
their results to a variety of landing activities in sports[7, 8, 10, 12, 13].  In the present study, the two 
landing phases (HORZ and VERT) within a SJ differed significantly from each other with respect 
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to the GRF, peak FPT, lower limb alignment and the synchrony of the lower limb muscle activation 
patterns.  These significant differences clearly indicate that the landing phases involve different 
segmental kinetics, kinematics and muscle activation patterns, reflecting the different task 
requirements between the HORZ and VERT landings.  That is, vertical landing movements occur 
predominantly in the vertical plane with little horizontal shear forces evident whereas horizontal 
landing movements require dynamic stabilisation by the lower limb in both the vertical and 
horizontal planes.  Consequently, research examining landing mechanics should take care not to 
make general statements about all landing movements based on the analysis of one movement 
type. 

Although it remains unknown as to what biomechanical factors affect patellar tendon loads 
when landing in asymptomatic healthy athletes, use of a stiffer landing strategy[4,5,41,45] has been 
suggested to increase the risk of developing patellar tendinopathy by increasing patellar tendon 
tension.  A stiffer landing strategy is indicated by landing with either greater knee extension 
forcing greater knee flexion[41,45] or a faster rate of landing[4,5,41,45].  During the VERT in the 
present study, subjects landed with less knee and hip flexion compared to the HORZ, indicative of 
a stiff landing strategy as evidenced by the high peak FV.  However, subjects also recorded a lower 
rate of loading evidenced by the longer time to peak FV and a lower peak FPT.  The decreased 
loading rate and longer time to peak FV may have been due to the greater range of motion 
experienced at the ankle (55°), knee (27°) and hip (43°) from IC to peak FV (see Figure 6) of the 
VERT allowing them to better dissipate the higher GRF such that the peak FPT was decreased.  In 
the HORZ, the range of motion experienced from IC to peak FV by the ankle (-5°), knee (15°) and 
hip (19°; see Figure 6) was much lower potentially leading to the greater peak FPT sustained by 
subjects during this movement (see Figure 5).  Therefore, landing with extended lower limb joints, 
defined as a stiff landing strategy, does not necessarily indicate greater loading of the patellar 
tendon and further research is warranted to investigate how lower limb motion affects patellar 
tendon loading and incidence of patellar tendinopathy. 
 

PART 2: EFFECTS OF FATIGUE 
 
Results 
Kinetic data:  The means and standard deviations for the GRF variables and peak FPT generated 
during the two landing phases within the SJ for the fatigued and non-fatigued conditions are 
presented in Figure 8.  During the HORZ, subjects recorded similar time to reach peak FV and 
similar mean peak FV, generated a significantly lower mean peak FPT and had a significantly 
higher FV loading rate when fatigued compared to non-fatigued.  When fatigued and during the 
VERT, subjects recorded a similar time to reach the peak FV and similar mean peak FV, mean peak 
FPT, and FV loading rates compared to a non-fatigued condition.  Only one previous study has 
reported that fatigue increased peak FV in the horizontal landing phase of a SJ[68] whereas, 
although no studies have investigated the effects of fatigue in the vertical landing phase of a SJ, in 
vertical drop landings, fatigue has been shown to not affect[69] or decrease [70, 71] peak FV. 
 
Kinematic data:  The means and standard deviations for the ankle, knee and hip angles generated 
during the two landing phases within the SJ in a non-fatigued and a fatigued condition are 
presented in Figure 9.  When fatigued, subjects displayed significantly different lower limb motion 
and alignment during the HORZ compared to the non-fatigued condition.  That is, when fatigued, 
subjects recorded a significantly slower approach speed (non-fatigued = 4.5 ± 0.4 m.s-1; non-
fatigued = 4.1 ± 0.5 m.s-1; p < 0.002) prior to the HORZ and a significantly lower vertical jump 
height (non-fatigued = 48.6 ± 0.5 cm; fatigued = 45.1 ± 0.6 cm; p < 0.001) prior to the VERT than 
when non-fatigued.  In addition, during the HORZ and when fatigued, subjects displayed 
significantly less knee and hip flexion than when non-fatigued.  Interestingly, fatigue did not have 
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any significant effect on any of the kinematic variables during the VERT.  Previous studies have 
reported a similar decreases in jump height and knee flexion when fatigued during a SJ in 
recreational athletes[63].  However, previous studies investigating the effects of fatigue in a vertical 
drop landing have reported unaltered ankle plantar flexion[6, 69, 71], unaltered[6, 71] or decreased[69] 
knee flexion, and unaltered hip flexion[6, 71] angles when fatigued compared to non-fatigued. 
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Figure 8: Means ± standard deviations for the peak vertical ground reaction (peak FV) and 
patellar tendon (peak FPT) forces during the horizontal and vertical landing phases of 
the stop-jump movement between a non-fatigued and a fatigued condition (*indicates a 
significant difference between fatigue and non-fatigue). 
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Figure 9:  Means and standard deviations 
of (A) ankle dorsi-plantar flexion (90° = 
neutral ankle), (B) knee flexion (0° = 
extended hip) and (C) hip flexion (0° = 
extended knee) angles during horizontal 
and vertical landing phases of the stop-
jump movement in fatigued and non-
fatigued conditions (*indicates a significant 
difference between fatigue and non-fatigue; 
FV = vertical ground reaction force; FPT = 
patellar tendon force; IC = initial contact) 
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Muscle activation patterns:  The means and standard deviations for the onset of muscle activation 
generated during the two landing phases within the SJ in the fatigued and non-fatigued conditions 
are presented in Figure 10.  When investigating the effects of fatigue in the present study, subjects 
altered their muscle recruitment strategy in both landing phases in the SJ between a non-fatigued 
and a fatigued condition.  Compared to the muscle recruitment pattern displayed by the subject 
during performance of the HORZ in a non-fatigued condition (see Figure 7), subjects initially 
recruited TA then ST with VL, VM, BF and MG then activating at a similar time followed by RF.  
However, despite the slightly altered recruitment patterns, MG was the only muscle to be activated 
significantly later when fatigued compared to non-fatigued.  During the VERT and when fatigued, 
MG was initially recruited followed by the quadriceps muscles (RF, VM and VL) with TA and the 
hamstring muscles (ST and BF) activating after IC.  When comparing the fatigue and non-fatigue 
conditions for the VERT, TA, BF and ST were all activated significantly later relative to IC when 
fatigued compared to the non-fatigued condition.  Few studies have investigated fatigue and 
horizontal landing movements.  However, previous studies have similar reported a similar delay in 
the onset of BF and ST muscle burst activity in walking[72], running and a rapid stop task[30].  An 
earlier VL muscle burst onset[53] or no change in any lower limb muscle recruitment patterns have 
also been reported when performing a vertical drop landing under a fatigued condition[69]. 
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Figure 10:  Muscle burst onset relative to initial contact (time = 0 s) during the (A) horizontal and 

(B) vertical landings of the stop-jump movement in fatigued and non-fatigued 
conditions (*indicates a significant difference between fatigue and non-fatigue; 
negative values indicated muscle activation before initial contact). 

 
Discussion 

Fatigue has been linked to lower limb injury[29-32] and is it a factor that may affect the ability 
of the lower limb to efficiently dissipate the loads sustained during landing.  During the HORZ, 
although fatigue did not alter peak FV, subjects did significantly decrease their approach speed in 
the fatigue condition.  It is postulated that if subjects were forced to keep their approach speed 
constant between the two conditions, peak FV may have increased and further studies should 
consider this in their design.  Fatigue did however, significantly increase the GRF loading rate and 
led to less knee and hip displacement from IC to peak FV, indicating a decreased ability of the 
lower limb muscles to dissipate the loads sustained during this stiffer landing.  As discussed in 
Part 1 above, a stiffer landing strategy has been suggested to increase the risk of developing 
patellar tendinopathy.  However, as in Part 1, despite this stiffer landing peak FPT significantly 
decreased when subjects performed the HORZ fatigued compared to the non-fatigued condition. 

In contrast to the HORZ, fatigue did not alter any of the vertical GRF variables, peak FPT, 
kinematic variables or muscle burst onset in MG or the quadriceps muscles during performance of 
the VERT.  As MG acts eccentrically during a landing to control dorsiflexion and absorb and/or 
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dissipate impact forces, and VL and RF are important for knee joint stability, the lack of change in 
the onset of these muscles supports why fatigue did not alter the peak FPT, GRF or kinematic 
variables in the VERT.  Interestingly, fatigue did lead to delayed activation of the hamstring 
muscles and TA compared to the non-fatigued condition, causing a change in the muscle 
recruitment order.  The fact that these muscles activated after IC may indicate a limited or altered 
role in force dissipation during the VERT as well as a limited contribution to patellar tendon 
loading.  However, the change in TA and the hamstrings may have implications in other knee joint 
injuries, such as anterior cruciate ligament, as hamstrings (ST and BF) act primarily to flex the leg 
at the knee and extend the thigh at the hip[73, 74], with ST acting to medially rotate the leg at the 
knee joint and thigh at the hip joint[74] and with BF acting to laterally rotate these lower limb 
segments, the hamstring balance the frontal and transverse plane loads[75]. 

The inconsistent effect of fatigue on the biomechanics of landing, in particular muscle 
recruitment patterns, supports the research stating that fatigue effects are specific to the movement 
task performed[11].  In the present study, subjects were requested to perform maximally.  However, 
when fatigued, subjects reduced both their approach speed and vertical jump height compared to 
the non-fatigued conditions.  As these are real fatigue effects that are seen within the game 
conditions of many sports, they are important factors to consider and, if these variables were kept 
constant, the movements being studied may not be representative of natural sporting movements. 
 

LIMITATIONS OF THE STUDY 
 
(1) Subject recruitment was difficult due to the nature of the study investigating the effects of 

fatigue and the narrow subject selection criteria.  Of the 28 subjects recruited, four subjects 
withdrew during the study due to not wanting to complete the fatigue protocol a second time 
(after the initial familiarisation session) due to temporary muscle soreness and one subject 
withdrew due to work commitments. 

(2) Subject activity outside the research study could not be controlled and throughout their 
involvement, subjects were tested in different phases of their sport from pre-season 
conditioning, in-season competition and post-season recovery (due to the longer than 
anticipated recruitment period and different sports).  In addition, despite being encouraged 
not to complete heavy training sessions within 24 hours of the Day 3 testing session, some 
subjects did not adhere to recommendations.   

(3) Although being healthy active male athletes, the fitness and training status of each participant 
may have varied.  However, this was not expected to affect the level of fatigue obtained by 
each subject, as this was individually standardised. 

(4) As the study was restricted to subjects who volunteered to participate, the sample was not a 
truly random sample of the wider population. 

(5) Despite being familiarised with the experimental procedure, participants may have varied 
their normal landing action when performing the SJ in a laboratory environment. 

(6) Standard methods for EMG preparation and data analysis were followed to minimise the 
expected cross-talk between lower limb muscles when using surface electromyographic 
procedures to assess muscle activity. 

 

CONCLUSIONS & FUTURE DIRECTIONS 
 

Vertical and horizontal landing movements require significantly different segmental kinetics, 
kinematics and muscle activation patterns resulting in significantly different FPT.  Additionally, 
although fatigue has been linked to lower limb injury and is a potential risk factor of patellar 
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tendinopathy via affecting load dissipation efficiency, the effects of fatigue appear movement 
dependent.  That is, fatigue only caused subjects in the present study to modify their landing 
mechanics when they performed the horizontal phase of the SJ.  Therefore, landing movements 
that incorporate a horizontal phase may place athletes at greater risk of developing patellar 
tendinopathy than movements that incorporate purely vertical movements.  However, as the actual 
patellar tendon forces decreased in the horizontal phase when fatigued, further research is required 
to confirm or refute these findings as well as investigate these variables in conjunction with other 
proposed risk factors such as jump frequency, work-rest periods, and/or patellar tendon 
abnormality.  Increased research in this area will improve our understanding of what leads to the 
incidence of patellar tendinopathy enabling us to develop and prescribe practical injury prevention 
strategies to reduce the incidence and severity of this injury in a diverse variety of sporting 
communities. 
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