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Introduction
Injuries to the anterior cruciate ligament (ACL) have been rising dra-
matically in both male and female athletes in the last few decades; 
with up to 84 % occurring during noncontact activities [3, 16, 20]. 
One of the most common scenarios for a noncontact ACL tear is land-
ing from a jump [3, 19, 25]. Therefore, considerable research and 
clinical attention has been devoted to identifying the potential fac-
tors contributing to the increased loads imposed on the ACL during 
landing. Knee flexion and knee valgus joint angles have a significant 
impact on the load imposed on the ACL during landing 

[15, 18, 22, 31]. Several researchers have reported that small knee 
flexion and large knee valgus joint angles during landing increase the 
load on the ACL, resulting in greater risk of ACL injuries [15, 18, 22, 31].

Landing styles play a major role in reducing the risk of ACL injury [7]. 
Soft landing styles are thought to positively alter landing mechanics by 
allowing the knee joint to be in a slightly flexed position, increasing im-
pact absorption at ground contact [7] and subsequently decreasing ACL 
loading [8, 23, 28, 43, 49]. Dai et al. [7] found that verbally encouraging 
athletes to land softly significantly increased maximum knee flexion an-
gles compared with self-selected and stiff landings [7]. Therefore, some 
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AbStR ACt

The aim was to determine which three landing styles – stiff (ST), 
self-selected (SS), or soft (SF) – exhibit safer landing mechanics 
and greater jumping performance. Thirty participants (age: 
26.5 ± 5.1 years; height: 171.0 ± 8.8 cm; weight: 69.7 ± 10.1 kg) 
performed five trials of three randomized drop jump (40 cm) 
landing styles including SF (~60 ° knee flexion), ST (knees as 
straight as possible), and SS. Knee flexion and valgus angles and 
kinetics were measured. An electromyography system measured 
muscle activity of the gluteus maximus, quadriceps, hamstrings, 
tibialis anterior, and gastrocnemius. Reactive strength index 
(RSI) was used to measure jumping performance. ANOVAs were 
used to compare the three landings. All landings differed in knee 
flexion (p < 0.001; effect size (η2): 0.9) but not valgus (p = .13; 
η2:.15). RSI (mm · ms-1) showed differences for all jumps 
(p < 0.001; η2: 0.7) with SS (0.96) showing the highest value, then 
ST (0.93), and SF (0.64). Ground reaction forces were different 
between jumps (p < 0.001; η2: 0.4) with SF (1.34/bodyweight 
(bw)) showing lower forces, then SS (1.50/bw), and ST (1.81/
bw). No between-jump differences were observed for EMG 
(p > 0.66; η2: 0.3). No landing demonstrated valgus landing me-
chanics. The SS landing exhibited the highest RSI. However, the 
1.8/bw exhibited by the ST landing might contribute to overload 
of musculotendinous structures at the knee.

E35

mailto:ortiza7@uthscsa.edu


Guy-Cherry D et al. Landing Styles Influences Reactive … Sports Medicine International Open 2018; 2: E35–E40

Orthopedics & Biomechanics Thieme

researchers claim that the soft landing technique is one of the strate-
gies that should be emphasized to decrease the load on the ACL during 
landing maneuvers [7, 27]. Conversely, previous laboratory studies have 
reported that a landing style characterized by a more extended knee 
position may generate greater ground reaction forces during landing 
[10, 50], increasing anterior tibial displacement to which the ACL is the 
predominant restraint [41, 49].

Landing style has a significant influence on jumping performance 
[7, 12, 33, 47]. In many sport disciplines, athletes are required to fre-
quently perform a series of repetitive maximal jumps throughout a 
game [29, 30]. However, landing with increased knee flexion, which 
is currently utilized to decrease ACL injury risk, is associated with de-
creased jump height [7, 32]. Therefore, athletes tend to modify their 
landing technique by decreasing knee flexion, exhibiting a stiff land-
ing style, in order to maximize their jumping performance 
[7, 29, 30, 32]. Despite smaller knee flexion joint angles typically im-
proving jumping performance, it has been reported to increase the 
loads on the ACL during landing [7]. However, it has been argued 
that with the appropriate eccentric muscular control from the quadri-
ceps muscle group, stiff landings can be performed in a safe manner 
without jeopardizing performance [7]. However, no previous stud-
ies have addressed EMG of lower extremity muscles.

Injury prevention programs have been reported to be effective in 
reducing knee injuries including ACL tears by correcting faulty bio-
mechanics [11, 14, 44]. Although their documented effectiveness in 
reducing injuries has been recognized, coaches lack the motivation 
to perform such programs. The main reasons are related to the em-
phasis on injury prevention without any evidence for improvement 
in performance and also the time needed to perform these programs 
interfering with the training schedule and skill development [42, 44]. 
Two studies have found deleterious effects on jumping height, agil-
ity, strength, and sprinting speed in soccer athletes participating in 
injury prevention programs hypothesized to be caused by perform-
ing landings in a deep controlled (slow) manner [42, 44]. Therefore, 
the purpose of this study was to determine which of the three land-
ing techniques (soft, self-selected, and stiff) demonstrated safer 
landing mechanics, greater jumping performance, and enhanced 
muscle activation. We hypothesized that both stiff and self-selected 
landing techniques would demonstrate greater jumping perfor-
mance due to reduced ground contact time with the floor and that 
these tasks can be performed in a safe manner without increasing 
the risk for knee valgus while maintaining good muscular control.

Methods

Study design
A cross-sectional laboratory study was conducted to evaluate land-
ing mechanics during three landing techniques: soft (SF), self-se-
lected (SS) and stiff (ST). The dependent variables included knee 
flexion and knee valgus angles, neuromuscular performance by 
electromyography root mean square (EMG), and reactive strength 
index (RSI).

Participants
Thirty participants (men: 16; women: 14; age: 26.5 ± 5.1 years; 
height: 171.0 ± 8.8 cm; weight: 69.7 ± 10.1 kg; BMI: 23.75 ± 2.52 kg/

cm2) were recruited in this study using convenience sampling from 
the undergraduate and graduate collegiate community. This sam-
ple size was based on a priori power analyses using a repeated 
measures analysis of variance (RepANOVA) for three conditions 
(jumps) and main variables of interest (joint angles, ground reac-
tions forces, and jumping performance) with an effect size of 0.2, 
alpha level of 0.05, and a power of 80 %. All participants read and 
signed an informed consent form approved by the Institutional Re-
view Board meeting the ethical standards of the journal [21]. Inclu-
sion criteria were: 1) age between 18 and 35 years, and 2) being 
physically active (minimum of 3 hours/week of recreational fitness 
activities). Exclusion criteria included low back or lower extremity 
surgery or injury, inability to perform 2 single-legged screening 
jumps, leg length discrepancy of more than 2 cm determined by a 
measuring tape from the anterior superior iliac spine to medial 
malleolus, ACL deficiency (more than 3 mm bilateral discrepancy) 
as measured by KT-1000 (MEDmetric Corp, San Diego, CA, USA) 
and self-reported pregnancy.

Instrumentation
A motion analysis system consisting of 10 cameras at a sampling rate 
of 240 Hz was used to capture lower extremity kinematics (Vicon 
Nexus 1.8, Vicon Motion Systems, Denver, CO, USA). Participants 
had fifteen retroreflective markers attached to the skin of the pelvis 
and both lower extremities according to Vicon’s Plug-in Gait model 
[24, 45]. Markers were placed at the second sacral vertebrae and bi-
laterally at the anterior superior iliac spines, lateral femoral epicon-
dyles, mid-thigh (midpoint between greater trochanter and lateral 
femoral epicondyles), lateral malleoli, mid-shank (midpoint between 
lateral femoral epicondyles and lateral malleoli), calcaneal tuberos-
ity and second metatarsophalangeal joint. Before data collection, 
the system was calibrated according to the manufacturer’s recom-
mendations and a static standing trial was performed.

A wireless surface electromyography (EMG) system (Trigno, Del-
sys, Inc., Boston, USA; bandwidth: 450 ± 50 Hz > 80 dB/dec; overall 
channel noise: < 0.75 uV) was utilized to measure muscle activity 
of the gluteus maximus, quadriceps, hamstrings, tibialis anterior, 
and gastrocnemius in both legs at a sampling rate of 2 kHz with 
EMGWorks software (Delsys, Inc., Boston, MA, USA). Muscular ac-
tivity was recorded using silver surface electrodes attached over 
the skin of muscles of interest based on Criswell [5] by using dou-
ble-sided hypoallergenic tape. The skin was cleansed with alcohol 
before electrode placement. Hypoallergenic tape was applied over 
the electrodes to minimize movement artifact.

A wireless F-Scan insole pressure system (100 Hz; Tekscan Inc., 
Boston, MA, USA) was used to measure ground reaction forces 
(GRFs) via in-shoe pressure sensors. This system uses two thin in-
sole sensors that were placed inside the shoes of each participant. 
The insole pressure system was calibrated according to the manu-
facturer’s guidelines using the weight of each subject. This system 
has shown high correlations (r = 0.7–0.90) when compared to force 
plates [4] and good reliability (ICCs ≥ 0.9) in diverse populations 
[1, 40, 46]. The specific trial-to-trial reliability of the pressure meas-
urements in this investigation were 0.82, 0.83, and 0.74 for the SF, 
ST, and SS landings, respectively. Preliminary data from our labo-
ratory have estimated a high significant correlation (r = 0.80; 
p < 0.001) between the F-Scan and force plates [2]. EMG and insole 
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pressure instruments were timed-synchronized to the motion cap-
ture system.

Procedures
Age, height, and weight were obtained from each participant. Par-
ticipants were then asked to perform two single-legged screening 
jumps to ensure safe jumping performance. Each participant per-
formed a warm-up protocol consisting of five minutes on a cycle er-
gometer at 40–60 revolutions per minute, 10 half (90˚) squats and 
five countermovement jumps. Within 10–15 min following the 
warm-up protocol, reflective markers were attached to each partic-
ipant according to Vicon Plug-in Gait model [24, 45] followed by 
placement of EMG electrodes over muscles of interest, and the two 
F-Scan insole sensors were placed inside each participant’s shoes. 
The EMG electrode was secured to the skin with hypoallergenic dou-
ble-sided tape between the skin and electrode and hypoallergenic 
paper tape over electrode to prevent any movement artifact. The in-
shoe pressure sensors were secured to the shoe’s insole with dou-
ble-sided tape to prevent any sliding of the sensor inside the shoe.

The three landing techniques were (1) SF, (2) SS, and (3) ST land-
ing performed in a randomized order from a 40-cm platform. Ran-
domization and order of test selection was performed before the 
warm-up by shuffling three cards with the tests written on them 
and blindly selecting one card at a time. The instructions given to 
each participant were similar to those previously reported by Dai 
et al. [7]. During the SF landing, participants were instructed to 
jump off the platform and land in a squat of approximately 60 de-
grees of knee flexion and then jump off the floor as fast and high as 
possible [6]. In the SS landing, participants were instructed to jump 
off the platform and land at their SS squat depth and jump as high 
and fast as possible after landing. In the ST landing, participants 
were instructed to jump off a box and land with knees as straight 
as possible and then jump as fast and high as possible. No addition-
al feedback was provided to participants during testing. Each par-
ticipant performed five trials of each landing technique with 
45–60 s rest between trials and three minutes between landing 
conditions because this number of trials is the minimum necessary 
for reliable kinematic results [36].

Data reduction
Knee flexion, valgus angles, and neuromuscular activation were 
measured during the landing phase of each functional task (▶Fig. 1). 
In the present study, the landing phase of each landing style was 
defined as the period of time from the initial contact with the force 
plates to maximum knee flexion [36–39]. The average of the maxi-
mum knee flexion and valgus angles in both knees of the five trials 
of each landing technique were calculated for analysis. Similarly, EMG 
root mean square data were collected during this period of time with 
EMGWorks® (Delsys, Inc., Boston, MA, USA) at a sampling rate of 
2000 Hz and filtered through a Butterworth 2nd-order bandpass fil-
ter (cut-off frequency: 100–400 Hz, 160 dB/Dec.). A dynamic nor-
malization procedure was utilized to determine the percentage of 
muscle activation during the landing phase [35, 37–39].

Peak ground reaction forces derived from the F-Scan were nor-
malized per each subject’s body weight. In order to evaluate jump-
ing performance, the reactive strength index was estimated by di-
viding the height of the marker placed at the second sacral verte-

brae by the total contact time with the floor derived from the F-Scan 
sensors (height/contact time). Previous researchers have calculat-
ed the reactive strength index (RSI) during dynamic activities as an 
indicator of the ability to change from an eccentric to concentric 
muscular contraction showing excellent reliability (ICC > 0.90) 
[13, 17, 48]. The trial-to-trial reliability of the RSI for the landing 
tasks in this investigation was 0.97 for the SF and ST conditions and 
0.96 for the SS.
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▶Fig. 1 Representation of normalized landing phase for all three 
jumps. Initial contact with the force plates is represented as zero with 
100 % representing take-off towards the countermovement jump. 
The solid line represents mean values while shaded area represents 
the 95 % confidence interval.
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Data analysis
The Shapiro-Wilk test, Levene’s test, and box plots were utilized to 
screen knee flexion and valgus angles, RSI, EMG, and peak pressure 
data for normality assumptions, homoscedasticity, and outliers, 
respectively. A paired t-test was performed to evaluate differences 
between legs for knee flexion and valgus angles and peak pressure 
to determine any differences between legs. Individual between-
condition (landing task) repeated measures one-way analyses of 
variance (RepANOVA) were performed to compare knee flexion, 
knee valgus, peak pressure, EMG, and RSI between the three land-
ing techniques. Post-hoc Bonferroni analyses were performed if 
RepANOVA was statistically significant. Alpha level was set at 0.05 
for statistical significance. Statistical analyses were performed 
using SPSS® 19.0 (SPSS Inc., Chicago, IL, USA).

Results
Knee flexion and valgus angles, RSI, EMG, and peak pressure data 
met the assumptions of normality, homoscedasticity, and outliers. 
The paired t-test showed no statistical differences (p > 0.13) be-
tween legs for knee flexion and valgus angles across all three con-
ditions. Therefore, the average of both legs for all variables was 

used for each participant. The RepANOVAs showed significant dif-
ferences among the three landing techniques only for knee flexion 
angles (F(2, 25) = 127.03; ρ < 0.001; η2: 0.91; β: 0.99), RSI (F(2, 
24) = 27.22; ρ < 0.001; η2: 0.70; β: 0.99), and peak pressure (F(2, 
28) = 10.72; ρ < 0.001; η2: 0.43; β: 0.98). No statistical differences 
were found among the three landing techniques for the knee val-
gus angles (F(2, 25) = 2.26; ρ = 0.12; η2: 0.15; β: 0.42). Post-hoc 
analyses for knee flexion joint angles showed that SF (116 °) was 
higher than SS [(89 °); p < 0.001; η2: 0.72; 95 % CI: 19.34–33.96; β: 
0.91] and ST [(60 °); p < 0.001; η2: 0.92; 95 % CI: 46.62–64.81; β: 
0.91] (▶table 1). Similarly, SS (89˚) was higher than ST [(60˚); 
p < 0.001; η2: 0.72; 95 % CI: 19.50–38.63; β: 0.91]. Compared to SS 
(1.50/bw) and SF (1.34/bw), ST (1.81/bw) peak pressure was high-
er (p < 0.001; η2: 0.41; 95 % CI: –.72–.21 and p = .01; η2: 0.29; 95 % 
CI:.07–.55; β: 0.98, respectively). Likewise, SS (1.50.bw) peak pres-
sure was significantly greater (p = 0.01; η2: 0.23; 95 % CI: 0.03–0.28; 
β: 0.98). The RSI was statistically significant (p < 0.001; η2: 0.69; β: 
0.99) with the SS (0.96) showing the highest value, followed by ST 
(0.93), and SF (0.64). However, the RSI did not show significant dif-
ferences between ST and SS landings (▶table 1). No differences 
were observed among the three landing styles for all EMG variables 
(F (5,24) = 0.77; ρ > 0.66; η2: 0.29; β: 0.27) (▶table 2).

Discussion
The purpose of this investigation was to determine which of the 
three landing techniques – SF, SS, or ST – demonstrated safer land-
ing mechanics, greater jumping performance, and better neuro-
muscular activation of lower extremity muscles. The results of this 
investigation partially supported our hypothesis that both ST and 
SS landing styles would demonstrate safe landing mechanics with 
greater jumping performance than the SF landing. In this investi-
gation, we analyzed landing mechanics by looking at the knee flex-
ion and knee valgus angles, which are major contributors to ACL 
loading during landing [15, 18, 22, 31]. Several investigators have 
reported that increased knee valgus angles during landing are as-
sociated with increased ACL loading [15, 18, 22, 31]. Consequent-
ly, landing techniques that are characterized by smaller knee val-
gus angles may decrease the risk of ACL injury. In our investigation, 
there were no significant differences in the knee valgus angles 
among all three landing techniques, indicating all of them can be 
performed safely without increasing the predisposition to ACL in-
jury. This finding agrees with a previous investigation in which knee 
valgus was not significantly different between soft and stiff land-
ings in healthy individuals [34]. Myers et al. [34] reported no differ-
ences in tibial anterior translation, knee internal and external rota-
tion, and knee valgus/varus during soft and stiff landings via fluor-
oscopy in healthy adults during a 40-cm drop landing.

On the other hand, it has been previously reported that de-
creased knee flexion angle during landing increases the risk of ACL 
injuries [15, 18, 22, 31]. Dai et al. [7] have demonstrated that soft 
landings may decrease the ACL loading during dynamic tasks. In 
the current study, the knee flexion angle was significantly different 
among all three landing styles, indicating each landing style was in 
fact different from each other. As expected, the SF landing style 
showed the highest knee flexion angles (116˚), whereas the ST 
landing (60˚) style showed the lowest knee flexion angles. Further-

▶table 1 Means and standard deviations for all variables between the 
three jumps.

Variable Soft 
Mean ± SD 

95 %CI

Stiff 
Mean ± SD 

95 %CI

Self-selected 
Mean ± SD 

95 %CI

Knee flexion ( °)a 116.1 ± 11.1b

111.7–120.5
60.4 ± 13.1b

55.2–65.6
89. 5 ± 14.6b

83.7–95.2

Knee valgus ( °) 6.6 ± 7.4
3.6–9.5

5.6 ± 5.7
3.4–7.8

7.3 ± 7.7
4.2–10.3

Peak pressure 
( %BW)a

1.3 ± 1.3 b

1.2–1.4
1.8 ± 0.7 b

1.5–2.0
1.5 ± 0.3 b

1.3–1.6

RSIa 0.6  ± 0.3 b

0.5–0.7
0.9  ± 0.5
0.7–1.1

0.9  ± 0.4
0.8–1.1

a Statistically significant differences between all jumps from RepANOVA; 
b Statistically significant differences between jumps after post-hoc 
analysis; 95 %CI: 95 % confidence interval; SD: standard deviation

▶table 2 Root mean square (RMS) electromyography variables between 
the three jumps.

Muscle Soft Mean ± SD 
(μV)

95 %CI

StiffMean ± SD 
(μV)

95 %CI

Self-selected-
Mean ± SD (μV)

95 %CI

Gluteus 
maximus

43.6 ± 14.5
38.1–49.1

44.2 ± 12.6
39.4–48.9

40.7 ± 14.5
35.3–46.4

Quadriceps 33.6 ± 17.3
27.0–40.2

30.8 ± 16.9
24.4–37.3

28.6 ± 15.8
22.6–34.6

Hamstrings 42.7 ±  15.3
36.8–48.5

43.9 ± 16.7
37.6–50.3

39.5 ± 15.1
33.8–45.3

Tibialis 
anterior

40.5 ± 19.5
33.2–48.0

43.3 ± 16.1
37.2–49.4

39.2 ± 16.6
32.9–45.5

Gastroc-
nemius

32.7 ± 10.1
28.8–36.5

31.8 ± 14.5
26.3–37.3

31.7 ± 11.6
27.3–36.1

95 %CI: 95 % confidence interval; SD: standard deviation
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more, another important factor in determining safe landing me-
chanics are ground reaction forces (GRFs) [7, 49]. It has been re-
ported that high GRFs during landing have been associated with 
greater ACL loading [49], suggesting athletes may need to decrease 
their GRFs during landing in an attempt to minimize ACL loading. 
In the current investigation, the peak pressure was significantly dif-
ferent among all three landing styles. Participants had the highest 
peak pressure values during the ST landing style (1.8/bw), whereas 
the lowest peak pressure values were observed during the SF land-
ing style (1.34/bw). This finding is supported by previous investi-
gations in which participants exhibiting greater knee flexion also 
were able to decrease peak GRF during a soft landing when com-
pared with a stiff landing, allowing greater dissipation of GRFs 
[7, 34].

In regard to jumping performance, the results supported the 
hypothesis that the stiff and self-selected landing techniques would 
demonstrate greater jumping performance as measured by RSI. 
Previous investigators have examined jumping performance by 
evaluating stance phase [47], jump height [47], and mechanical 
work [10, 50] during soft landings. Dai et al. [7] examined jumping 
performance by evaluating stance time, lower extremity mechan-
ical work, jump height and movement speed during stop-jump and 
side-cutting under soft landing and preferred landing conditions 
[7]. The researchers reported that the soft landing demonstrated 
decreased jump height and movement speed and increased stance 
time and mechanical work compared with the natural landing. Fur-
thermore, other investigators have reported that the soft landing 
increased stance time and lower extremity mechanical work dur-
ing a drop vertical jump and drop landing tasks, respectively 
[10, 47, 50]. These studies agree with our findings that the soft 
landing style significantly decreased jumping performance com-
pared with the stiff and self-selected landing styles, with the soft 
landing exhibiting the lowest RSI, whereas self-selected landing 
styles had the highest RSI during drop landing tasks. The decreased 
RSI observed during soft landing style is theorized to be due to 
greater ground contact time given that soft landings allow greater 
hip and knee flexion range of motion during landing [10, 50].

Lower extremity muscle groups play a major role in energy ab-
sorption during landing maneuvers [10, 26, 50]. Previous investi-
gators have reported that soft landings demonstrated greater en-
ergy absorption through the hip and knee extensors, whereas ankle 
plantar flexion absorbed more energy during stiff landings 
[9, 10, 50]. However, the results of this investigation do not agree 
with these investigations in which neuromuscular performance was 
significantly different between soft and stiff landings. In our inves-
tigation, there was no significant difference in the neuromuscular 
performance among all three landing styles, indicating lower ex-
tremity muscular control can compensate for the differences in 
landing without increasing the predisposition to injury [34].

The current investigation had several limitations that need to 
be considered. First, participants recruited in this investigation 
were at the recreational level, making the generalizability of this 
study to those participating in highly competitive sports settings 
limited. Second, the drop landing task chosen in this investigation 
did not simulate real competitive games in which unanticipated 
landings that predispose athletes to lower extremity injury usually 
occur. Another limitation is that although participants were asked 

to land with 60 degrees of knee flexion during soft landings, most 
landed with more than 90 degrees as measured by the motion anal-
ysis system. Stiff landings were actually closer to 60 degrees as 
measured by the motion analysis system even though they ap-
peared to be less than 30 degrees to the naked eye.

In summary, the current study showed that stiff and self-select-
ed landing styles can be performed without increasing peak knee 
valgus angles while increasing jumping performance compared 
with soft landing styles. Additionally, all three landing styles exhib-
ited safe landing mechanics in terms of knee valgus. Therefore, a 
self-selected landing style will safely minimize risk of ACL injury 
without inhibiting jumping performance. Athletes that demon-
strate unsafe knee valgus should be trained at their self-selected 
jump depth to improve strength and motor control to decrease this 
risk factor while maintaining jumping performance.
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