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Background 
Forward and side lunge exercises strengthen hip and thigh musculature, enhance 
patellofemoral joint stability, and are commonly used during patellofemoral 
rehabilitation and training for sport. 

Hypothesis/Purpose 
The purpose was to quantify, via calculated estimates, patellofemoral force and stress 
between two lunge type variations (forward lunge versus side lunge) and between two 
step height variations (ground level versus 10 cm platform). The hypotheses were that 
patellofemoral force and stress would be greater at all knee angles performing the 
bodyweight side lunge compared to the bodyweight forward lunge, and greater when 
performing the forward and side lunge at ground level compared to up a 10cm platform. 

Study Design 
Controlled laboratory biomechanics repeated measures, counterbalanced design. 

Methods 
Sixteen participants performed a forward and side lunge at ground level and up a 10cm 
platform. Electromyographic, ground reaction force, and kinematic variables were 
collected and input into a biomechanical optimization model, and patellofemoral joint 
force and stress were calculated as a function of knee angle during the lunge descent and 
ascent and assessed with a repeated measures 2-way ANOVA (p<0.05). 

Results 
At 10° (p=0.003) knee angle (0° = full knee extension) during lunge descent and 10° and 
30° (p<0.001) knee angles during lunge ascent patellofemoral joint force and stress were 
greater in forward lunge than side lunge. At 40°(p=0.005), 50°(p=0.002), 60°(p<0.001), 
70°(p=0.006), 80°(p=0.005), 90°(p=0.002), and 100°(p<0.001) knee angles during lunge 
descent and 50°(p=0.002), 60°(p<0.001), 70°(p<0.001), 80°(p<0.001), and 90°(p<0.001) 
knee angles during lunge ascent patellofemoral joint force and stress were greater in side 
lunge than forward lunge. At 60°(p=0.009) knee angle during lunge descent and 
40°(p=0.008), 50°(p=0.009), and 60°(p=0.007) knee angles during lunge ascent 
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patellofemoral joint force and stress were greater lunging at ground level than up a 10cm 
platform. 

Conclusions 
Patellofemoral joint loading changed according to lunge type, step height, and knee 
angle. Patellofemoral compressive force and stress were greater while lunging at ground 
level compared to lunging up to a 10 cm platform between 40° - 60° knee angles, and 
greater while performing the side lunge compared to the forward lunge between 40° - 
100° knee angles. 

Level of Evidence 
II 

INTRODUCTION 

The high and repetitive patellofemoral forces that occur 
during sport often results in high patellofemoral joint stress 
(patellofemoral force/patella contact area), which over time 
can lead to patellofemoral pain syndrome (PFPS). Lunging 
exercises, such as the side lunge and forward lunge, 
strengthen both hip and thigh musculature and are im-
portant rehabilitation and training exercises to enhance 
patellofemoral joint stability and improve optimal inter-
action between the femur and patella during activity and 
sport.1,2 Understanding what patellofemoral force and 
stress magnitudes are generated and how they vary while 
employing the forward and side lunge with step height vari-
ations may help clinicians better prescribe and progress 
lunging exercises to individuals with PFPS. 

Although a few studies have examined patellofemoral 
biomechanics during the lunge exercise,3–5 patellofemoral 
force and stress has been examined only once in the liter-
ature during the side lunge exercise6 and only twice in the 
literature during the forward lunge exercise.7,8 Escamilla 
and colleagues7 employed a 12 repetition maximum (12 
RM) weight to assess patellofemoral force and stress while 
performing the forward lunge using a long step and short 
step. In addition, Escamilla and colleagues6 employed a 12 
repetition maximum (12 RM) weight to assess 
patellofemoral force and stress between the forward lunge 
and the side lunge, and both patellofemoral force and stress 
were greater in the side lunge compared to the forward 
lunge. Hofmann and colleagues8 examined patellofemoral 
force and stress for both the lead and trail limb while per-
forming the forward lunge with no external resistance be-
tween forward and vertical trunk and shank positions. 

In patellofemoral rehabilitation progression, lunging ex-
ercises are initially performed with no external resistance 
(bodyweight only) and progressed to using weights (dumb-
bells or barbells) or other external resistance, such as re-
sistance bands, and this progression increases both hip and 
thigh muscle recruitment and patellofemoral force and 
stress.2,6,7 Moreover, both forward and side lunge exercises 
are commonly performed and progressed in knee rehabil-
itation settings using different step heights (ground level 
versus elevated platform). However, there are currently no 
studies in the literature that have examined patellofemoral 
force and stress during the bodyweight forward lunge and 
the bodyweight side lunge, or while lunging with step 
height variations. Therefore, the purpose of this study was 
to quantify, via calculated estimates, patellofemoral force 

and stress between two lunge type variations (forward lunge 
versus side lunge) and between two step height variations 
(ground level versus 10 cm platform). The hypotheses were 
that patellofemoral force and stress would be significantly 
greater throughout the knee range of motion when per-
forming the bodyweight side lunge compared to the body-
weight forward lunge, and significantly greater when per-
forming the forward and side lunge at ground level 
compared to up to a 10 cm platform. 

METHODS 

SUBJECTS 

Sixteen healthy participants (eight males and eight fe-
males) without a history of patellofemoral pathology par-
ticipated with a mean (±SD) age, mass, and height of 
28.9±7.9 y, 77.3±6.6 kg, and 175.9±2.3 cm, respectively, for 
males, and 30.6±9.8 y, 61.2±6.8 kg, and 166.4±8.5 cm, re-
spectively, for females. Inclusion criteria included all par-
ticipants being able to perform forward and side lunge pain-
free with proper technique for 12 repetitions using 
bodyweighst and having at least five years’ experience in 
performing the forward and side lunge, and exclusion cri-
teria included not achieving a 0°-20° forward trunk tilt or 
0°-20° forward tilt of the tibia (which keeps the knee over 
the foot) at the lowest position of the forward and side 
lunge. All participants provided written informed consent 
in accordance with the Institutional Review Board at Cali-
fornia State University, Sacramento. 

EXERCISE DESCRIPTION 

Each participant attended a pre-test session one week prior 
to testing and practiced performing the forward and side 
lunges at ground level (Figures 1A, B) and up a 10cm plat-
form (Figures 1C, D). The starting position all four forward 
and side lunge variations were standing upright with both 
feet together. From the starting position, the participant 
lunged forward (forward lunge) or to the side (side lunge) 
with the right lower extremity towards a securely mounted 
force platform at ground level ([Figures 1]A, B) and to a se-
curely mounted force platform 10 cm above ground level 
(Figures 1C,D), and then pushed back to the starting posi-
tion. A metronome was used to help ensure the right knee 
flexed and extended at approximately 45°/s. The mean 
(±SD) step length (measured from left toe to right heel and 
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based on participant preference) was 91.7±5.2 cm for males 
and 89.3±7.1 cm for females for the forward lunge and 
99.3±4.9 cm for males and 98.4±5.8 cm for females for the 
side lunge. Each participant’s preferred step length mea-
surement was used during data collection. 

DATA COLLECTION 

Blue Sensor (Ambu Inc., Linthicum, MD) disposable surface 
electrodes (type M-00-S; 22 mm wide and 30 mm long) were 
used to collect EMG data and were placed in a bipolar con-
figuration along the longitudinal axis of each muscle, with 
a center-to-center distance of approximately 3 cm between 
electrodes. 

Prior to applying the electrodes, the skin was prepared 
by shaving, abrading, and cleaning with isopropyl alcohol 
wipes to reduce skin impedance. Electrode pairs were then 
placed on the participant’s right side using previously de-
scribed locations,6,7 for the following muscles: a) rectus 
femoris; b) vastus lateralis; c) vastus medialis; d) medial 
hamstrings (semimembranosus and semitendinosus); e) 
lateral hamstrings (biceps femoris); and f) gastrocnemius 
(middle portion between medial and lateral bellies). 

For three-dimensional (3D) motion capture, spheres (3.8 
cm in diameter) covered with reflective tape were attached 
to adhesives and positioned over the following bony land-
marks as previously described:6,7 a) third metatarsal head 
of the right foot ; b) medial and lateral malleoli of the right 
leg; c) upper edges of the medial and lateral tibial plateaus 
of the right knee; d) posterosuperior greater trochanters of 
the left and right femurs; and e) lateral acromion of the 
right shoulder. 

Once the electrodes and spheres were positioned, the 
participant warmed up and practiced the exercises as 
needed, and data collection commenced. An eight camera 
Vicon-Peak Performance motion analysis system (Vicon-
Peak Performance Technologies, Inc., Englewood, CO) was 
used to collect 60 Hz video data. Force data were collected 
at 960 Hz using an AMTI force platform (Model 
OR6-6-2000, Advanced Mechanical Technologies, Inc.). 
EMG data were collected at 960 Hz using a Noraxon Myosys-
tem unit (Noraxon USA, Inc., Scottsdale, AZ). The EMG am-
plifier bandwidth frequency was 10-500 Hz with an input 
impedance of 20,000 kΩ, and the common-mode rejection 
ratio was 130 dB. Video, EMG, and force data were electron-
ically synchronized and simultaneously collected as each 
participant performed one set of three repetitions of the 
forward and side lunge at ground level and up a 10 cm plat-
form, assigned in a random order. 

Subsequent to completing all four lunge type and step 
height variations, EMG data were collected during maxi-
mum voluntary isometric contractions (MVIC) to normal-
ize the EMG data collected during each lunge type and step 
height variation, as previously described.6,7 The MVIC for 
the rectus femoris, vastus lateralis, and vastus medialis 
were collected in a seated position at 90° knee and hip flex-
ion during a maximum effort knee extension. The MVIC 
for the lateral and medial hamstrings were collected in the 
same seated position during a maximum effort knee flexion. 
MVIC for the gastrocnemius was collected during a maxi-
mum effort standing unilateral stance toe raise with the an-

Figure 1. Forward lunge at ground level (A), side 
lunge at ground level (B), forward lunge up to a 10 
cm platform (C), and side lunge up to a 10 cm 
platform (D). 

kle positioned approximately halfway between neutral and 
full plantar flexion. Two trials (five second each) were col-
lected for each MVIC of each muscle in a randomized order 
for the three muscle groups. 

DATA REDUCTION 

Video images for each reflective marker were tracked and 
digitized in 3D space with Vicon-Peak Performance soft-
ware, utilizing the direct linear transformation calibration 
method. Testing of the accuracy of the calibration system 
resulted in reflective markers that could be located in 3D 
space with an error less than 0.3 cm. The raw position data 
were smoothed using a double-pass fourth order Butter-
worth low-pass filter with a cut-off frequency of 6 Hz.6,7,9 

Joint angles, linear and angular velocities, and linear and 
angular accelerations were calculated in a 2D sagittal plane 
of the knee utilizing appropriate kinematic equations, as 
previously described.6,7,9 

Raw EMG signals were full-waved rectified, smoothed us-
ing a 10 ms moving average window, and linear enveloped 
throughout the knee range of motion for each repeti-
tion.6,7,9 EMG data were then normalized for each muscle 
and expressed as a percentage of each participant’s highest 
corresponding MVIC trial. The MVIC was calculated using 
the highest EMG signal over a one second time interval 
throughout the five second MVIC trials, as previously de-
scribed.6,7,9 Normalized EMG data for the three repetitions 
(trials) were then averaged at corresponding knee angles 
between 0-100° with 0° defining full knee extension, 0-100° 
defining the lunge descent, and 100-0° defining the lunge 
ascent. The EMG data were used only to calculate 
patellofemoral force and stress in a biomechanical knee 
model (see Appendix) and were not analyzed separately. 
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Table 1. Mean (± SD) patellofemoral joint force (N) values while performing the forward lunge and side lunge 
with step height variations. 

Lunge Type Variations Step Height Variations 

Knee Angles for 
Descent Phase 

Forward 
Lunge 

Side 
Lunge 

p-value 
Lunge at 

Ground Level 
Lunge up to 10 cm 

Platform 
p-value 

10° 64±38 37±21 0.003* 55±33 46±28 0.102 

20° 113±62 104±62 0.357 111±67 106±60 0.511 

30° 148±74 156±94 0.761 152±89 153±80 0.805 

40° 167±87 252±115 0.005* 221±115 195±103 0.210 

50° 201±115 374±176 0.002* 309±180 265±161 0.174 

60° 297±170 581±323 <0.001* 481±301 410±260 0.009** 

70° 393±230 728±417 0.006* 613±387 512±324 0.287 

80° 521±301 958±489 0.005* 791±486 685±430 0.671 

90° 619±319 1054±523 0.002* 865±461 814±512 0.382 

100° 615±305 973±434 <0.001* 847±383 752±442 0.055 

Knee Angles for 
Ascent Phase 

100° 762±453 1046±469 0.026 888±454 943±507 0.979 

90° 763±448 1218±464 <0.001* 985±496 1011±550 0.909 

80° 766±447 1302±499 <0.001* 1046±535 1021±576 0.792 

70° 624±354 1204±472 <0.001* 966±510 858±506 0.188 

60° 491±288 881±417 <0.001* 765±406 603±368 0.007** 

50° 367±178 573±338 0.002* 537±321 404±237 0.009** 

40° 274±142 230±112 0.127 277±144 226±109 0.008** 

30° 204±109 124±73 <0.001* 172±107 154±92 0.244 

20° 108±59 92±55 0.049 100±52 100±60 0.978 

10° 65±38 29±17 <0.001* 49±30 44±27 0.622 

Note: The mean values given for the two lunge type conditions (forward lunge and side lunge) were collapsed across the two step height conditions (lunging at ground level and lung-
ing up to 10 cm platform), while the mean values given for the 2 step height conditions were collapsed across the two lunge type conditions. The p-values shown for lunge type condi-
tions and step height conditions represent the main effects of the ANOVA. 

DATA ANALYSIS 

A repeated measures 2-way analysis of variance (ANOVA) 
was initially employed (p < 0.05) for each 10° knee angle 
(from 10° to 100°) during the lunge descent and each 10° 
knee angle (from 100° to 10°) during the lunge ascent to 
assess the effects of lunge type (forward versus side lunge) 
and step height (ground level versus 10cm platform) on 
patellofemoral compressive force and stress. Subsequently, 
the Holm-Bonferroni sequential correction was employed 
to adjust the significance level secondary to multiple 
ANOVA’s being tested. Bonferroni t-tests were used to as-
sess pairwise comparisons among the lunging conditions. 

RESULTS 

Descriptive data for calculated patellofemoral joint force 
and stress for each lunge type and step height condition are 
provided in Figures 2A-3B. Visual observation of the data 
suggest that patellofemoral joint force and stress generally 
increased progressively as knee flexion increased during the 

descent phase and decreased progressively as knee flexion 
decreased during the ascent phase. Moreover, for a given 
knee angle, patellofemoral joint force and stress were gen-
erally slightly greater during the ascent phases compared to 
the descent phases. 

Tables 1 and 2 and Figures 2A and 2B provide 
patellofemoral joint force and stress values between the two 
lunge type conditions (forward versus side lunge) collapsed 
across the two step height conditions. 

The p-values shown for the lunge type conditions repre-
sent the main effects of the ANOVA, with the results of the 
Holm-Bonferroni sequential correction showing significant 
differences for p-values less than or equal to 0.006. 

At 10° knee angle during the lunge descent and at 10° 
and 30° knee angles during the lunge ascent patellofemoral 
force and stress were significantly greater in the forward 
lunge compared to the side lunge. In contrast, at 40°, 50°, 
60°, 70°, 80°, 90°, and 100° knee angles during the lunge de-
scent and at 50°, 60°, 70°, 80°, and 90° knee angles during 
the lunge ascent patellofemoral joint force and stress were 
significantly greater in the side lunge compared to the for-
ward lunge. 
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Table 2. Mean (± SD) patellofemoral joint stress (MPa) values while performing the forward lunge and side lunge 
with step height variations. 

Lunge Type Variations Step Height Variations 

Knee Angles for 
Descent Phase 

Forward 
Lunge 

Side 
Lunge 

p-value 
Lunge at 

Ground Level 
Lunge up to 10 cm 

Platform 
p-value 

10° 0.37±0.22 0.22±0.12 0.003* 0.32±0.19 0.27±0.16 0.102 

20° 0.61±0.34 0.56±0.34 0.357 0.60±0.37 0.57±0.32 0.511 

30° 0.61±0.31 0.65±0.39 0.761 0.63±0.37 0.63±0.33 0.805 

40° 0.58±0.30 0.87±0.40 0.005* 0.76±0.40 0.67±0.35 0.210 

50° 0.64±0.37 1.20±0.56 0.002* 0.99±0.58 0.85±0.52 0.174 

60° 0.86±0.49 1.68±0.93 <0.001* 1.39±0.87 1.18±0.75 0.009** 

70° 1.05±0.62 1.95±1.12 0.006* 1.64±1.04 1.37±0.87 0.287 

80° 1.30±0.75 2.39±1.22 0.005* 1.97±1.21 1.71±1.07 0.671 

90° 1.44±0.74 2.46±1.22 0.002* 2.02±1.08 1.90±1.19 0.382 

100° 1.35±0.67 2.13±0.95 <0.001* 1.85±0.84 1.65±0.97 0.055 

Knee Angles for 
Ascent Phase 

100° 1.67±0.99 2.29±1.03 0.026 1.94±0.99 2.06±1.11 0.979 

90° 1.78±1.05 2.84±1.08 <0.001* 2.30±1.16 2.36±1.28 0.909 

80° 1.91±1.11 3.25±1.23 <0.001* 2.61±1.33 2.55±1.44 0.792 

70° 1.67±0.95 3.23±1.22 <0.001* 2.59±1.37 2.30±1.36 0.188 

60° 1.41±0.83 2.54±1.20 <0.001* 2.20±1.17 1.74±1.07 0.007** 

50° 1.17±0.57 1.83±1.08 0.002* 1.72±1.03 1.29±0.76 0.009** 

40° 0.94±0.49 0.79±0.38 0.127 0.96±0.50 0.78±0.37 0.008** 

30° 0.84±0.45 0.51±0.30 <0.001* 0.71±0.44 0.64±0.38 0.244 

20° 0.59±0.32 0.50±0.30 0.049 0.54±0.28 0.55±0.33 0.978 

10° 0.38±0.22 0.17±0.10 <0.001* 0.28±0.18 0.26±0.26 0.622 

*Significant difference (p < 0.006) between lunge type conditions 
**Significant difference (p < 0.009) between step height conditions 
Note: The mean values given for the two lunge type conditions (forward lunge and side lunge) were collapsed across the twi step height conditions (lunging at ground level and lung-
ing up to 10 cm platform), while the mean values given for the 2 step height conditions were collapsed across the two lunge type conditions. The p-values shown for lunge type condi-
tions and step height conditions represent the main effects of the ANOVA. 

Tables 1 and 2 and Figures 3A and 3B show 
patellofemoral joint force and stress values between the two 
step height conditions (ground level versus 10cm platform) 
collapsed across the two lunge type conditions. The p-val-
ues shown for the step height conditions represent the main 
effects of the ANOVA, with the results of the Holm-Bonfer-
roni sequential correction showing significant differences 
for p-values less than or equal to 0.009. At 60° knee an-
gle during the lunge descent and at 40°, 50°, and 60° knee 
angles during the lunge ascent patellofemoral joint force 
and stress were significantly greater lunging at ground level 
compared to lunging up to a 10 cm platform. There were no 
significant interactions between lunge type and step height. 

DISCUSSION 

This is the only known study that has examined the effects 
of lunging with various step heights on patellofemoral joint 
loading (compressive force and stress). Key findings include 
that there were greater patellofemoral force and stress at 

Figure 2A. Mean (SD) patellofemoral compressive 
force between forward lunge and side lunge 
collapsed across step height. 

1) lower knee angles (0° - 30°) for the forward lunge; 2) 
higher knee angles (40° - 100°) for the side lunge; and 3) 
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middle knee angles (40° - 60°) lunging at ground level com-
pared to lunging up a 10 cm platform. These findings pro-
vide insights to how the patellofemoral joint can be loaded 
and progressed in PFPS rehabilitation as a function of knee 
angle and step height. Early in PFPS rehabilitation where 
the initial goal is to minimize patellofemoral joint loading 
in order to minimize patellofemoral pain,10,11 performing 
“mini” lunges with lower knee angles between 0° - 40° may 
be appropriate given patellofemoral joint loading is rela-
tively low (Figures 3A and 3B). Lunging within this lower 
knee angle range either at ground level or up to a 10 cm 
platform may both be appropriate given during this knee 
range patellofemoral joint loading was similar between step 
heights. As lunging progression moves beyond 40° knee an-
gle towards higher knee angles, patellofemoral joint force 
and stress progressively increases exponentially (Figures 3A 
and 3B), and is greater lunging at ground level compared to 
up to a 10 cm platform, and is greater during the side lunge 
than the forward lunge. The lack of significant interactions 
implies the effects of step height variations were not af-
fected by lunge type variations. Therefore, lunging progres-
sion as a function of knee angle and step height during PFPS 
rehabilitation may proceed as follows: 1) forward lunge at 
lower knee angles (0° - 30°) both at ground level and up to a 
10 cm platform; 2) forward lunge at middle knee angle (0° - 
60°) up to a 10 cm platform; 3) forward lunge at middle knee 
angle (0° - 60°) at ground level; 4) side lunge at middle knee 
angle (0° - 60°) up to a 10 cm platform; 5) side lunge at mid-
dle knee angle (0° - 60°) at ground level; 6) forward lunge at 
higher knee angle (0° - 100°) up to a 10 cm platform; 7) for-
ward lunge at higher knee angle (0° - 100°) at ground level; 
8) side lunge at higher knee angle (0° - 100°) up to a 10 cm 
platform; and 9) side lunge at higher knee angle (0° - 100°) 
at ground level*.* 

In spite of lunging exercises being performed in training 
for sport and during PFPS rehabilitation, this is the first 
study to examine patellofemoral joint loading during the 
bodyweight lunge. Escamilla and colleagues6 did examine 
patellofemoral joint loading during the forward and side 
lunge, but these authors used a 12 RM external load, which 
is more appropriate in the latter stages of PFPS rehabilita-
tion. In contrast, the bodyweight lunge, as studied herein 
is more appropriate earlier in PFPS rehabilitation. Like the 
current study, Escamilla et al.6 also reported significantly 
greater patellofemoral joint force and stress at higher knee 
angles (80° and higher) for the side lunge compared to the 
forward lunge, but unlike the current study these authors 
reported no significant differences in patellofemoral joint 
force and stress at middle knee angles between 40° -70°, 
which in the current study were greater in the side lunge 
compared to the forward lunge. Moreover, in Escamilla et 
al.6 there were no significant differences in patellofemoral 
joint force and stress between side and forward lunging 
at low knee angles between 0° -30°, while in the current 
study patellofemoral joint force and stress was greater in 
the forward lunge compared to the side lunge at 10° and 30° 
knee angles. Using external resistance versus bodyweight 
only not surprisingly increases patellofemoral joint force 
and stress, which at similar knee angles were two to three 
times greater in Escamilla et al.,6 who used a 12 RM lunging 
intensity, compared to the current study, which used the 

Figure 2B. Mean (SD) patellofemoral stress between 
forward lunge and side lunge collapsed across step 
height. 

Figure 3A. Mean (SD) patellofemoral compressive 
force between lunging at ground level and up to 
10cm platform collapsed across lunge type. 

Figure 3B. Mean (SD) patellofemoral stress between 
lunging at ground level and up to 10cm platform 
collapsed across lunge type. 

bodyweight lunge. Interestingly, the magnitudes of 
patellofemoral joint loading from Hofmann and col-
leagues,8 who also examined the bodyweight lunge, were 
more similar to patellofemoral joint loading of the 12 RM 
lunging intensity employed by Escamilla et al.6 compared to 
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the bodyweight lunge in the current study. It is likely these 
differences in patellofemoral joint loading between these 
two studies are due to methodological differences. 

Patellofemoral joint force and stress curves were similar 
in shape to each other due to near proportional increases in 
patellofemoral joint forces and patellar contact areas with 
increased knee flexion. One exception was at higher knee 
angles between 70-100°, in which patellofemoral joint 
stress began to plateau or decrease. This occurred because 
although patellar contact area increased nearly linearly be-
tween 70-100°, patellofemoral joint force did not increase 
proportionally, but instead began to plateau or decrease 
around 70° in the current study and around 70°-80° in nu-
merous squat and lunge studies in the literature which 
quantified patellofemoral compressive force and 
stress.7,8,12 Therefore, injury risk to the patellofemoral joint 
may not increase with knee angles between 70-100° or 
greater due to similar magnitudes in patellofemoral joint 
stress during these knee angles, with the benefit of in-
creased quadriceps, hamstrings, and gastrocnemius activity 
when training at higher knee angles 70°100° or higher com-
pared to lower knee angles between 0°-60°.7,8,12 

Because patellofemoral joint force and stress both in-
creased with knee flexion and decreased with knee exten-
sion (Figures 2A-3B, Tables 1-2), a more functional knee 
flexion range between 0-50° may be appropriate during the 
early phases of patellofemoral rehabilitation when the goal 
is to minimize patellofemoral joint force and stress. High 
and repetitive patellofemoral stress may exacerbate PFPS 
and adversely affect numerous soft tissues, such as synovial 
plicae, infrapatellar fat pad, retinacula, joint capsule, and 
patellofemoral ligaments.13 High patellofemoral joint force 
can also elevate subchondral bone stress in the 
patellofemoral joint.14 Because the subchondral bone plate 
is rich in pain receptors,15 increased subchondral bone 
stress may also result in or exacerbate PFPS.13 

Patellofemoral joint stress can result in cartilage degenera-
tion and a decrease in the ability of the cartilage to absorb 
and distribute patellofemoral force.14 Higher knee angles 
between 60-100° may be more appropriate later in the re-
habilitation process due to higher patellofemoral joint force 
and stress. This same pattern of increased patellofemoral 
joint force and stress with increased knee flexion during 
the forward and side lunge6–8 has been reported during the 
squat and leg press.9,12,16 

Peak patellofemoral joint force and stress magnitudes 
from the current study for the bodyweight lunge are less 
than some weight bearing exercises, such as the weighted 
barbell squat and leg press,9,16,17 and going up and down 
stairs,18 but more than other weight bearing functional ac-
tivities, such as walking.19 Escamilla et al.9 reported peak 
patellofemoral joint force and stress magnitudes of 
4500-4700 N and 11-12 MPa, respectively, at 90° knee angle 
during the 12 RM barbell squat and machine leg press, and 
which are approximately 3-4 times greater than the peak 
force and stress magnitudes seen in the current study. Es-
camilla et al.16 also reported peak patellofemoral joint force 
and stress magnitudes of approximately 3500 N and 9 MPa, 
respectively, between 70°-80° knee angles during the 12 RM 
wall squat and one leg squat. Wallace et al.17 reported peak 
patellofemoral joint force and stress magnitudes of approx-

imately 2400 N and 13 MPa, respectively, for the barbell 
squat using a 35% bodyweight external load, and approx-
imately 1700 N and 9.3 MPa, respectively, for the body-
weight squat occurring at 90° knee angle. The approximate 
1700 N peak patellofemoral compressive force during the 
bodyweight squat17 is similar although slightly more than 
the approximate 1300 N peak patellofemoral compressive 
force during the bodyweight side lunge in the current study. 
Peak patellofemoral joint force and stress in healthy partic-
ipants during fast walking reportedly are approximately 900 
N and 3.13 MPa, respectively,19 which is approximately 30% 
lower than the peak patellofemoral joint force for the side 
lunge in the current study and approximately 15% higher 
than the peak patellofemoral joint force for the forward 
lunge in the current study. However, the peak 
patellofemoral stress of 3.13 MPa during fast walking19 is 
similar to the peak patellofemoral stress of 3.25 MPa in the 
side lunge from the current study, but 35-40% higher than 
the patellofemoral peak force of 1.91 MPa in the forward 
lunge in the current study. Peak patellofemoral joint force 
and stress magnitudes in healthy participants going up and 
down stairs are approximately 2500 N and 7 MPa, respec-
tively,19 which are similar to the peak patellofemoral joint 
force and stress magnitudes measured in the 12 RM forward 
lung reported by Escamilla et al.,6,7 but approximately two 
to three times as great as the peak force and stress magni-
tudes for the bodyweight side and forward lunge in the cur-
rent study. 

Unfortunately, it is currently unknown what 
patellofemoral joint force or stress magnitudes, and over 
what time duration, can ultimately lead to patellofemoral 
pathology. There are many factors that may contribute to 
patellofemoral pathology, such as overuse or trauma, dys-
functional extensor mechanism, weakness in the quadri-
ceps or hip external rotators, tight quadriceps, hamstrings, 
or iliotibial band, lower extremity malalignment, and ex-
cessive rear-foot pronation. Nevertheless, clinicians can use 
information regarding patellofemoral joint force and stress 
magnitudes among different weight bearing exercises, tech-
nique variations, and functional activities to be able to 
make informed decisions regarding which exercise they 
choose to employ during patellofemoral rehabilitation. 

There are limitations in the current study. Firstly, MRI 
knee kinematic data have shown during the weight bearing 
squat that the femur moves and rotates underneath a rel-
atively stationary patella, and excessive femoral rotation 
may increase patellofemoral joint stress on the contralat-
eral patellar facets.20 Unfortunately, MRI knee kinematic 
data do not currently exist while performing the forward or 
side lunge exercises. Therefore, it is unknown how much 
femoral rotation occurs during the forward and side lunge 
and how this rotation varies among healthy individuals and 
those with pathologies. Secondly, all biomechanical models 
also have limitations (see Appendix for biomechanical 
model and its limitations). Thirdly, patellofemoral joint 
stress magnitudes were measured using patellar contact 
area values from MRI data from the literature and were not 
measured directly for the included subjects. However, the 
contact areas used from the literature were determined dur-
ing loaded weight bearing exercise in healthy male and fe-
male participants, similar to the current study. Moreover, 
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the near linear and direct relationship between contact area 
and knee angle has been shown to be similar among stud-
ies.14,21,22 This implies that the patellofemoral joint stress 
curve patterns shown in Figures 2B and 3B using contact 
areas from the literature will be similar to patellofemoral 
joint stress curve patterns if contact areas were measured 
directly using MRI. The patellofemoral joint stress patterns 
are important to clinicians in determining what knee range 
of motions that patellofemoral joint stress increases or de-
creases. 

CONCLUSIONS 

Patellofemoral joint loading during lunging changes ac-
cording to lunge type, step height, and knee angle. 
Patellofemoral compressive force and stress were greater 
while lunging at ground level compared to lunging up to a 
10 cm platform between 40° - 60° knee angles, and greater 
while performing the side lunge compared to the forward 
lunge between 40° - 100° knee angles. The current findings 
can be used to help guide patellofemoral rehabilitation re-
garding the selection of forward and side lunge techniques 
involving lunging with different step heights. Furthermore, 
the results will assist exercise specialists who prescribe and 

progress forward and side lunge exercises in order to opti-
mize hip and thigh strengthening and patellofemoral joint 
loading. These results may benefit athletes who employ 
sport specific lunging movements to enhance their return 
to sport and performance while optimally loading the 
patellofemoral joint. 
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