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The analysis of knee joint loading during
drop landing from different heights and
under different instruction sets in healthy
males
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Abstract

Background: Mechanical loading during exercise has been shown to promote tissue remodeling. Safe and
accessible exercise may be beneficial to populations at risk of diminished bone and joint health. We examined the
effect of drop height and instruction on knee loading during a drop-landing task and proposed a task that makes
use of drop heights that may be appropriate for rehabilitation purposes and functional in daily life to examine
transient knee joint loads.

Methods: Twenty males (22.0 ± 2.8 years) performed drop landings from 22 cm (low) and 44 cm (high) heights,
each under three instructions: “land naturally” (natural), “softly” (soft), and “stiffly” (stiff). Knee compression force and
external flexion moment were estimated using three-dimensional inverse dynamics and normalized to body mass.

Results: Peak knee compression force was larger (p < 0.001) for high (17.8 ± 0.63 N/kg) than low (14.8 ± 0.61 N/kg)
heights. There was an increase (p < 0.001) in the knee compression force across soft (11.8 ± 0.40 N/kg), natural
(17.0 ± 0.62 N/kg), and stiff (20.2 ± 0.67 N/kg) instructions. Peak knee flexion moment in high-natural (2.12 ± 0.08 Nm/kg)
was larger (p < 0.001) than in high-soft (1.88 ± 0.08 Nm/kg), but lower than in high-stiff (2.23 ± 0.08 Nm/kg).
No differences in peak knee flexion moment were observed across instructions for the low height.

Conclusions: We propose a drop-landing task that creates a scalable increase in knee compression loading.
The absence of increased knee flexion moment with drop from the low height, compared to high, suggests
that individuals could perform the task without incremental risk of knee injury. This task could be used in
future studies to examine the effect of acute bouts of mechanical loading on bone and cartilage metabolism.
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Key Points

� The current drop-landing task creates an increase in
knee compression loading with instruction to land
stiffly.

� The absence of increased knee flexion moment
during landing from a 22 cm height (household

stair) suggests that individuals could perform the
task without an increased risk of knee joint injury.

� The current task could be used in future studies to
examine the effect of acute bouts of mechanical
loading on bone and cartilage metabolism, and bone
and joint health.

Background
The effects of physical activity and resulting mechanical
loads on bone health and articular cartilage integrity
have implications for many groups including military
[1], athletes [2], postmenopausal women [3], children
[4], older adults [5], and clinical populations such as
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individuals with osteoarthritis [6] and individuals with
stroke [7]. Researchers have reported positive, site-
specific adaptations to bone mineral density in response
to chronic exposure to activities associated with high
mechanical loads (volleyball, basketball) compared to
other types of activities (running, swimming) [8, 9]. In
contrast, prolonged absence of mechanical loading (bed
rest) leads to disuse osteoporosis [10]. Similarly, the
health of articular cartilage is maintained through
natural formation and degradation processes [11]. Short-
term and acute responses of skeletal and articular cartil-
age metabolism to physical activity have been reported
[12–14]; however, findings across studies are difficult to
compare because the types of activities and research
methodology are not standardized [14]. Traditionally,
animal models have been used to examine the effects of
mechanical loading on bone and articular cartilage [15,
16]; however, a comparable and standardized model to
assess the acute response of bone and cartilage turnover
to various levels of mechanical loading has not yet been
clearly defined in humans [17]. To improve clinical util-
ity of exercise that may result in a net formation of bone
and cartilage in humans, it is important to have a stan-
dardized approach that allows researchers to examine
responses, to quantify doses of mechanical loads, and to
determine if a dose-response exists [14].
In developing an exercise, it is critical that risk of in-

jury is not unduly elevated. It has been suggested that
most acute knee joint soft tissue injuries are non-contact
in nature, that is, the injury results from a person’s own
movement and not a contact with an object or a person
[18]. Further, it has been shown that excessive sagittal
knee joint moment during landing may result in liga-
ment injury [19, 20]. Instructions related to how to exe-
cute the landing have been shown to affect joint loading
during drop landing [21–23], but no research has exam-
ined the influence of instruction set on loading during
drop landings from a relatively low height. Researchers
have previously described lower limb joint loading
during drop landings from relatively large heights
(e.g., >59 cm) in younger people [24], but these
heights are prohibitive for individuals recovering from
a joint injury or those with existing degenerative joint
conditions.
The purpose of the current study was (1) to explore a

drop-landing task that makes use of drop heights that
may be more appropriate for rehabilitation purposes and
are functional in daily life and (2) to examine transient
knee joint loads during the drop-landing response to
examine the effect of drop height and instruction cues
on knee joint loads, with a focus to evaluating the poten-
tial for incremental injury risk during the task. The
drop-landing task may then be useful for rehabilitation
and strengthening purposes, and in providing a task in

which loading can be controlled in examining metabolic
responses to joint loading in human participants.

Methods
Participants
Participants were excluded if they reported a history of
neurological or musculoskeletal disorders; or an injury,
pain or surgery on their lower body or back in the six
months prior to participation. Twenty healthy males
(age 22.0 ± 2.8 years, height 1.72 ± 0.1 m, body mass
83.2 ± 14.9 kg; mean ± SD) were included. The local
institutional research ethics board provided approval
of the methods used in this study. The study was per-
formed in accordance with the ethical standards of
the Declaration of Helsinki. All participants provided
informed consent prior to participation. A sample size
calculation was based on preliminary data obtained
with the first 10 participants; results indicated that a
total of 20 participants would provide adequate statis-
tical power (>80%).

Setup and Protocol
Participants wore their own athletic shoes in order to
improve ecological validity of the study. Infrared reflect-
ive markers were placed on the bony landmarks [25], to
produce a 6-segment kinematic model: pelvis, left and
right thigh, left and right shank, and left and right foot
[26]. The three-dimensional kinematic model created
using Visual3D software (v4.84.0, C-Motion Inc., On-
tario) has been shown to produce results of good to
excellent reliability during a similar drop-landing proto-
col [27]. All offline processing was conducted using
Visual3D, which was successfully utilized in previously
published works [28–31]. Marker movement was re-
corded using a 7-camera motion capture system (MX40,
Vicon, Colorado). Marker position was sampled at a fre-
quency of 100 Hz and filtered offline using a digital But-
terworth 4th order low-pass filter with a 6 Hz cutoff.
The filter cutoff frequency was determined using re-
sidual analysis of the difference between filtered and un-
filtered signals [32] over 0.5–25 Hz range in 0.5 Hz steps
with right ankle marker position data from a randomly
selected trial recorded for the first four participants; the
average cut-off frequency was used.
All trials were initiated with participants standing on

an elevated platform at either of two heights: 22 cm
(low) and 44 cm (high). The low height was consistent
with the height of one riser for typical household stairs,
while the high was consistent with the height of two
risers. Participants were asked to step outwards off the
platform with the rear leg straight and drop such that
both feet simultaneously contacted two force plates
(OR6-7, AMTI, Massachusetts), with one foot on each
force plate. To standardize upper body movement

Verniba et al. Sports Medicine - Open  (2017) 3:6 Page 2 of 9



between participants and conditions, participants were
asked to lace fingers and maintain their hands over the
abdomen during all trials. To avoid participants using
different strategies when leaving the elevated platform,
the investigator demonstrated the step-off technique and
instructed participants explicitly to not jump off or
lower themselves. Force plate signals were sampled at
1000 Hz and filtered offline using a Butterworth 4th
order low-pass filter with an 8 Hz cutoff. The filter cut-
off frequency was determined using a residual analysis
approach [32] over 0.5–25 Hz range in 0.5 Hz steps with
vertical ground reaction force (GRF) signal from a ran-
domly selected trial recorded for the first four partici-
pants; the average cutoff frequency was used. A similar
drop-landing methodology has been previously validated
and utilized by Niehoff et al. [33] to examine joint load-
ing in response to drop landing in a similar cohort.
Participants performed 10 drop-landing trials in each

of six conditions, which were defined by combinations
of two heights (“low”, “high”) and three instruction sets
(“soft”, “natural” and “stiff”), for a total of 60 drop-
landing trials. On average, participants performed one
drop per minute per block of conditions. In addition,
rest/recovery breaks were provided between each of the
conditions to ameliorate the effects of fatigue. All partic-
ipants completed the natural trials first, for both plat-
form heights. For the natural instruction, participants
were instructed to land on the force plates in whatever
manner felt comfortable and natural–“land as naturally
as possible”. The order of platform heights (low, high)
was counterbalanced across the participants. Following
the completion of the low and high trials under the nat-
ural instruction, all participants performed drop-landing
trials under the soft and stiff instructions from the low
and high heights (low-soft, low-stiff, high-soft, and high-
stiff ), which were arranged in random order. In the soft
landing, participants were instructed to “land softly, ab-
sorbing the force at landing”; in the stiff landing, partici-
pants were instructed to “land stiffly, without absorbing
the force at landing”. The investigator demonstrated the
soft landing technique with exaggerated flexion at the
knee and the stiff landing technique with reduced flexion
at the knee. Participants reported that they replicated
soft and stiff landings with exaggerated and reduced
knee flexion as demonstrated.

Measures of Interest
To confirm the change in the kinematics and kinetics of
landing between drop-landing heights and instruction
conditions, knee flexion angle and vertical GRF during
landing were calculated. All measures of interest, ex-
cept the knee angle, were normalized to participant’s
body mass. Peak knee flexion angle and peak GRF
were then reported.

To investigate the effect of different drop heights
and landing instructions on knee joint loading the
following measures were calculated bilaterally: knee
joint compression force, knee joint flexion moment,
knee joint abduction moment, and knee joint exter-
nal rotation moment. Joint compression force was
operationally defined as joint reaction force that
acted along the longitudinal axis at the proximal end
of the leg segment. The values for knee abduction
and external rotation moment were reported at the
peak knee flexion moment, in order to aid the estimation
of the knee joint soft tissue injury risk. In this study, net
external moments, which represent the external load on
the joint, were described. Ankle, knee, and hip joint power
as well as ankle and hip sagittal moment were calculated
bilaterally, and the values of each were reported at the
time of peak knee flexion moment to describe neuromus-
cular control during landing.
The measures of interest were averaged across the

lower limbs for each trial following the analysis which
confirmed no bilateral differences. All measures were
calculated in Visual3D using the validated marker set
reported earlier, and three-dimensional inverse dynamics
algorithms [27, 34]; and resolved into the proximal
segment coordinate system. All inertial segment proper-
ties were estimated from anthropometric data as per
Dempster et al. [35].

Statistical Analysis
All statistical analyses were conducted using JMP
(v8.0, SAS Institute, North Carolina). A two-factor
(height [low/high] X instruction [soft/natural/stiff])
mixed effects (participant–random effect, height and
instruction–fixed effect) repeated measures analysis of
variance (rmANOVA) was used to test for differences
in the dependent measures between drop-landing
conditions. Contrast analyses with Tukey HSD correc-
tion were performed to compare means and test
interactions.
Fatigue can affect measures obtained using the in-

verse dynamics approach resulting in the order effect.
To examine the potential order effect on knee joint
compression and flexion moment, the first three con-
secutive trials of the third condition were compared
with the last three consecutive trials for the sixth
condition, across the low-soft, low-stiff, high-soft, and
high-stiff condition blocks. A one-way (order [first/
last]) mixed effects rmANOVA (order–fixed effect,
participant–random effect) was conducted separately
for each main measure of interest. The effect size was
reported using generalized eta squared η2G

� �
and con-

sidered trivial (<0.02), small (0.2–0.12), moderate
(0.13–0.25), and large (≥0.26) [36].
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Results
The Analysis of the Trial/Condition Order Effect
There was no significant effect of order for the peak
knee compression force or the peak knee flexion
moment.

Peak Kinematic and Kinetic Measures
Knee Flexion Angle
There was no significant interaction effect, but the
main effects of height and instruction were significant
(Table 1). Peak knee flexion angle was larger for the
high drop height than for the low. Peak knee flexion
angle was greater under the soft instruction than
under both natural and stiff instruction; peak knee
flexion angle under the natural instruction was
greater than under the stiff (Table 2).

Vertical nGRF
There was no significant interaction effect, but the main
effects of height and instruction were significant
(Table 1). Peak ground reaction force (nGRF) was larger
for the high drop height than for the low. Peak nGRF
increased with instruction to land stiffly, from soft to
natural to stiff (Table 2).

Knee Compression Force
There was no interaction effect, but the main effects
for height and instruction were significant (Table 1).

Peak knee compression force was larger for the high
drop height than for the low. Peak compression knee
force increased with instruction to land stiffly, from
soft to natural to stiff (Figs. 1a and 2a).

Knee Flexion Moment
There was a significant interaction effect observed (Table 1).
Peak knee flexion moment was not different between the
low-soft, low-natural, and low-stiff conditions. Peak knee
flexion moment in the high-soft condition was larger than
in the low-soft, low-natural, and low-stiff condition, but
lower than in the high-natural and high-stiff condition,
which were not different from each other (Figs. 1b and 2b).

Measures Reported at the Peak Knee Flexion Moment
Knee Abduction Moment
There was no significant interaction effect or main effect
of instruction; however, the main effect of height was
significant (Table 1). Knee abduction moment was larger
for the high drop height than for the low (Table 2).

Knee External Rotation Moment
There was no significant interaction effect, but the main
effects for height and instruction were significant
(Table 1). Knee external rotation moment was larger for
the low drop height than for the high. Knee external ro-
tation moment was lower under the soft instruction than
under both natural and stiff, which were not different
from each other (Table 2).

Table 1 Summary of the statistical analyses

Peak measures Interaction df(2,38) Height df(1,19) Instruction df(2,38)

F p value Effect size F p value Effect size F p value Effect size

Knee flexion angle (°) 1.6 0.21 0.01 T 206.2 <0.01 0.30 L 103.0 <0.01 0.57 L

Vertical nGRF (N/kg) 0.5 0.64 <0.01 T 104.8 <0.01 0.27 L 86.8 <0.01 0.53 L

Knee compression force (N/kg) 0.1 0.89 <0.01 T 68.0 <0.01 0.17 M 90.8 <0.01 0.53 L

Knee flexion moment (Nm/kg) 16.5 <0.01 0.05 S 230.2 <0.01 0.45 L 15.8 <0.01 0.05 S

Measures at the peak knee flexion moment

Knee abduction moment (Nm/kg) 2.4 0.10 0.01 T 44.3 <0.01 0.14 M 0.2 0.82 <0.01 T

Knee external rotation moment (Nm/kg) 2.2 0.13 0.01 T 14.7 <0.01 0.06 S 5.8 <0.01 0.02 T

Ankle flexion moment (Nm/kg) 2.6 0.08 0.01 T 105.1 <0.01 0.37 L 0.5 0.60 0.01 T

Hip extension moment (Nm/kg) 1.1 0.36 <0.01 T 1.7 0.21 0.01 T 6.5 <0.01 0.05 S

Ankle power (W/kg) 5.3 0.01 0.03 S 85.7 <0.01 0.48 L 3.3 <0.05 0.05 S

Knee power (W/kg) 9.4 <0.01 0.03 S 139.3 <0.01 0.63 L 7.0 <0.01 0.06 S

Hip power (W/kg) 10.3 <0.01 0.06 S 2.8 0.11 0.04 S 12.2 <0.01 0.07 S

Measures of trial order effect Order df(1,19)

F p value Effect size

Peak knee compression force (N/kg) 0.2 0.701 <0.01 T

Peak knee flexion moment (Nm/kg) 0.56 0.465 0.01 T

The effect sizes are reported using generalized eta squared. T trivial, S small, M moderate, L large
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Ankle Flexion Moment
There was no significant interaction effect or main effect
of instruction; however, the main effect of height was
significant (Table 1). Ankle flexion moment was larger
for the high drop height than for the low (Table 2).

Hip Extension Moment
There was no significant interaction effect or main effect
of height; however, the main effect of instruction was
significant (Table 1). Hip extension moment was smaller
for the soft condition than for the natural and stiff,
which were not different from each other (Table 2).

Ankle Power
There was a significant interaction effect observed
(Table 1). Ankle negative power (energy absorption) was

Table 2 Summary of the results which were not included in the figures

Peak measures Low High

Soft Natural Stiff Soft Natural Stiff

Knee flexion angle (°) 75.49 (2.39) 51.31 (2.75) 45.17 (1.95) 87.71 (2.70) 67.26 (2.88) 59.17 (1.71)

Vertical nGRF (N/kg) 12.71 (0.32) 18.18 (0.78) 22.36 (1.03) 17.24 (0.66) 23.05 (0.99) 26.60 (1.06)

Measures at the peak knee flexion moment

Knee abduction moment (Nm/kg) 0.52 (0.29) 0.47 (0.26) 0.44 (0.34) 0.7 (0.36) 0.76 (0.39) 0.75 (0.42)

Knee external rotation moment (Nm/kg) 0.04 (0.07) 0.07 (0.12) 0.05 (0.12) −0.05 (0.14) −0.02 (0.14) 0.02 (0.17)

Ankle flexion moment (Nm/kg) 0.88 (0.04) 0.83 (0.05) 0.74 (0.11) 1.19 (0.06) 1.21 (0.06) 1.16 (0.07)

Hip extension moment (Nm/kg) 0.18 (0.11) 0.41 (0.14) 0.56 (0.20) 0.09 (0.12) 0.35 (0.20) 0.56 (0.22)

Mean (SE)

Fig. 1 Averaged (n = 20) time series for the body mass-normalized
knee joint compression force (a) and flexion moment (b) as a result of
a drop from both low and high heights. The compression force peaks
for both drop heights and all three instructions are temporally aligned
at approximately 0.07 s. The flexion moment peaks are temporally
aligned at approximately 0.07 s for the low-stiff, high-soft, high-natural,
and high-stiff conditions; while the peaks for the low-soft and low-
natural conditions are temporally aligned at approximately 0.09 s

Fig. 2 a Peak normalized knee joint compression force and b peak
normalized external knee joint flexion moment. The error bars are SE. a
Both main effects of height and instruction were significant. b Significant
interaction effect between height and instruction was observed. Levels
not connected by the same symbol are significantly different

Verniba et al. Sports Medicine - Open  (2017) 3:6 Page 5 of 9



not different between instructions for the low height.
Ankle negative power was greater for the high height for
all instructions and increased from soft to natural and
stiff, which were not different (Fig. 3a).

Knee Power
There was a significant interaction effect observed
(Table 1). Knee negative power was not different be-
tween instructions for the low height. Knee negative
power was greater for the high height for all instruc-
tions and increased from soft to natural to stiff instruc-
tion (Fig. 3b).

Hip Power
There was a significant interaction effect observed
(Table 1). Hip positive power (energy generation) was
not different between instructions for the low height.
Hip positive power was smaller in high-natural condition
than in high-stiff, but larger than in high-soft and all of
the low instruction conditions, which were not different
from each other (Fig. 3c).

Discussion
The current study suggested a drop-landing task that
makes use of drop heights that may be appropriate for
rehabilitation purposes and are functional in daily life.
This study examined transient knee joint loads during
the drop-landing response and the effect of drop height
and instruction cues on knee joint loads. Further, this
study took steps toward a development of standardized
exercise task to examine the effect of acute bouts of
mechanical loading on bone and cartilage metabolism in
humans, since previous research has been focused on
animal models [15, 16]. Consistent with previous litera-
ture [24, 30], we found that the knee joint compression
force increased with drop height and the instruction to
land stiffly. Though sagittal knee joint moment scaled
with instruction at the high height, it did not change
with instruction set at the low height, suggesting that
while instruction can increase knee joint compression at
the low height, knee joint moment and perhaps; there-
fore, joint injury risk are not increased with the instruc-
tion set at the low height. Precautions were taken to
standardize drop-landing task; demonstrations of step-
off and landing techniques were provided. The results
suggest relatively low, approximately 7%, variability
within subjects in the measure of peak sagittal knee
angle across conditions (Table 2).
Knee compression force was modulated by instruction;

Fig. 2a suggests that compression force can be reduced
by approximately 50% if the soft instruction is used,
or increased by approximately 30% if the stiff instruc-
tion is used, relative to the natural landing instruction.
As compression force has been associated with pro-
moting tissue remodeling [12], the exercise task we
proposed could improve bone and joint health. Since
increased joint moment is associated with ligament in-
jury [8], the absence of increased knee moment sug-
gests that individuals could perform drop-landing task
from the low height as opposed to high height without
incremental risk of joint injury.

The Effect of Drop Height on Lower Limb Joint Kinetics
and Kinematics
The increase in the intensity of the drop-landing task at
the greater drop-height resulted in elevated knee flexion

Fig. 3 Normalized joint power measured at the peak knee joint
flexion moment for a ankle, b knee, and c hip. The error bars are SE.
Significant interaction effects between height and instruction were
observed in a–c. Levels not connected by the same symbol are
significantly different. The negative power represents energy
absorption and eccentric activation. The positive power represents
energy generation and concentric activation
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angle during landing, vertical GRF, and knee joint com-
pression force. The current findings are in agreement
with previous research, which has demonstrated greater
peak knee flexion angle and peak vertical GRF when
landing from 60 cm compared with 20 cm [37, 38]. The
aforementioned biomechanical measures all increase to at-
tenuate impact forces during landing phase. While average
frontal and transverse plane moment, which were consist-
ent with previously reported values [39, 40], were found to
be statistically different between heights with moderate
and small effect size, respectively, the values were smaller
than those experienced by young adults in sport setting
(abduction moment 1.3 Nm/kg and external rotation mo-
ment 0.2 Nm/kg) [41, 42]; and likely not clinically
relevant.

The Effect of Instruction on Lower Limb Joint Kinetics and
Kinematics
The results revealed the scaling of vertical nGRF, knee
joint flexion angle, and compression force with increased
landing stiffness. Consistent with the current results,
previous research has indicated that instruction to land
softly, as opposed to stiffly, from 40 cm resulted in lower
vertical nGRF and larger knee joint flexion angle [22].
Additionally, the magnitude and timing of the peak knee
compression force (Fig. 1a) were comparable to previ-
ously published data [43]. Finally, the force profiles for
instruction condition signals were qualitatively compar-
able between the low and high drop height (Fig. 1a),
which was consistent with our expectations.

The Effect of Drop Height and Instruction on Lower Limb
Joint Kinetics and Kinematics
The increase in drop height and landing stiffness re-
sulted in increased knee joint compression force. The
compression force increased from soft to natural to stiff
instruction for both low and high drop heights and was
greater for the high drop height (Fig. 2a). Since the in-
crease in landing stiffness produced a linear scaling of
the ground reaction force and the knee compression
force, it is reasonable to suspect that a similar pattern
between drop height and landing stiffness would be
observed in the knee flexion moment, i.e., the increase
in the flexion moment from soft to natural to stiff for
the low and high heights. However, this was not the
case. While the instruction to increase landing stiffness
from the high height did result in the increase of the
knee flexion moment, there was no difference in the
moment observed with this instruction during landing
from the low height.
The lower limb power analysis revealed that at the

peak knee flexion moment, both the ankle and the knee
showed negative power (Fig. 3a and b) and flexion joint
moments (Fig. 2b; Table 2), indicating energy absorption

and eccentric activation of the associated musculature,
which is consistent with previous research [23]. In con-
trast to previous reports [23], however, the current study
revealed positive hip joint power (Fig. 3c) and extension
moment (Table 2), indicating concentric activation ra-
ther than eccentric. The concentric activation about the
hip likely served to rotate the trunk forward and bring
the body’s center of mass closer to the knee joint center
in order to reduce the flexion moment at the knee by
decreasing the effective length of the moment arm. A
shorter moment arm, given that the ground reaction
force magnitude was unchanged, would produce a lesser
flexion moment about the knee joint. Importantly, in
the low height condition, all three joints showed no
difference in power magnitude across all levels of in-
struction, which suggests an equal rate of energy
transfer between levels of instruction observed for each
of the three joints (Fig. 3). In contrast, at the high height,
the rate of energy absorption (the ankle and knee;
Fig. 3a and b) and energy generation (the hip; Fig. 3c)
increased across instruction levels in all three joints.
The difference in patterns between heights as seen
across instruction levels in the knee flexion moment
and power measures may be driven by the kinetic en-
ergy absorption demand. Kinetic energy absorption de-
mand was larger during landing from the high height
than from the low; hence, the instruction condition
produced a more pronounced energy absorption re-
sponse at the high drop height than at the low. Con-
sidering that the hip showed positive power and that
there was a significant interaction effect between the
drop height and instruction condition with positive
hip power increasing across instruction levels at the
high height, but not at the low, it appears as though
neuromuscular control of the hip at the low height
reduced the loading effect at the knee. However, despite
the increase in the positive hip power at the high height, it
appears, the capacity of the hip joint to attenuate or obvi-
ate the development of additional moment at the knee
became relatively less pronounced, as the hip joint became
unable to efficiently reduce knee joint flexion moment.
The dissimilarity between the previously reported data
and the current findings with respect to hip power is likely
because previous studies often reported peak joint power,
while the current paper reported joint power values
measured at the peak knee flexion moment. The peak
values of measures of interest may often be temporally
misaligned with one another and the event of interest,
which in this paper was defined as the peak knee flexion
moment. Hence, in order to explain why the peak knee
flexion moment did not change with instruction at the
low height, when it has increased significantly at the high
height, we investigated joint power measured specifically
at the peak knee flexion moment.
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Clinical Implications
Studies agree that the majority of soft tissue knee injur-
ies are non-contact and occur during sudden deceler-
ation and/or landing maneuvers [19]. The literature
suggests that loading through the quadriceps may be
one of the mechanisms leading to knee joint ligament
injury, as the quadriceps muscle activity producing sagit-
tal moment has been shown to generate large shear
force pulling tibia anteriorly on femur [20, 44]. In this
study, knee compression forces as well as sagittal mo-
ments were larger in the high drop height. In the low
height, however, while the knee compression force in-
creased with instruction, the instruction did not influ-
ence the knee flexion moment. Since an increase in the
knee flexion moment may increase the risk of joint in-
jury, it appears that the knee joint compression force,
and thus, perhaps tissue stimulation toward cartilage
formation, during landing from a lower 22 cm height
(consistent with a household stair) can be increased using
an instruction to land more stiffly without suggestion of
increase in the risk of knee joint injury as the knee flexion
moment did not increase with landing stiffness.

Limitations
The current study is limited by inclusion of male partici-
pants only. Future research should include female partic-
ipants, as due to the anatomical differences, the kinetics
and kinematics of the lower limb may differ between
sexes. Further, the current study is limited by the use of
an inverse dynamics approach. The authors recognize
that the bone-on-bone force does not correspond dir-
ectly to joint compression force calculated using inverse
dynamics approach [32]. The inverse dynamics approach
does not consider muscle activation force, which adds to
the compression force in the knee. Previous research has
shown comparable knee loads during stair climb to the
current findings during the low-soft condition, while the
tibiofemoral bone-on-bone force was 3.5-fold larger
when compared to joint reaction force [45]. Neverthe-
less, the inverse dynamics approach is a feasible and
simpler alternative to techniques used to quantify joint
bone-on-bone loading [46]. The future work should in-
clude muscle force modeling to improve joint compres-
sion force estimation. Lastly, a relatively large number of
trials collected in this study may have resulted in partici-
pant fatigue despite that participants received rest/recov-
ery breaks. Fatigue can affect measures obtained using
the inverse dynamics approach resulting in the order
effect. We mitigated the effect of fatigue by counterbal-
ancing the first two blocks of trials across participants
and randomly assigning the last four trial blocks. With
the follow-up analysis, we showed no difference between
the earlier and later trial means which suggests that
fatigue, if present, did not affect the measures of interest.

Conclusions
The drop-landing task creates an increase in knee
joint compression loading that can be scaled using
specific instructions. Use of 22 cm height may be
safer and beneficial for joint and bone injury rehabili-
tation, as it represents a height that is much lower
than previously discussed in the literature, and is rep-
resentative of a standard stair height and therefore
functionally accessible. Our aim is to utilize the out-
comes of the current study in future work aimed at
establishing a standardized task to examine the effect
of acute bouts of mechanical loading on bone and
cartilage metabolism.

Acknowledgements
The authors would like to thank Frank Rizqo for his assistance with data
collections. The authors would also like to thank Janessa Drake for
proofreading the manuscript.

Funding
This work was supported by Canadian Institutes of Health Research catalyst
grant 2010-06-01. The funds were used to purchase necessary laboratory
supplies.

Authors’ contributions
DV participated in the design of the study; carried out the data acquisition,
analysis and interpretation of the results; and drafted the manuscript. JV, DH,
and WG participated in the conception and design; analysis and
interpretation of the results; drafting and revisions of the manuscript for
important intellectual content. All authors read and approved the final
manuscript.

Competing interests
Dmitry Verniba, Jason Vescovi, David Hood, and William Gage declare that
they have no conflict of interest.

Ethics approval and consent to participate
York University research ethics board provided approval of the methods
used in this study, certificate number 2011-015. The study was performed
in accordance with the ethical standards of the Declaration of Helsinki.
All participants provided informed consent prior to participation.

Author details
1Orthopaedic Neuromechanics Laboratory, Sherman Health Science Research
Centre, York University, Toronto, Ontario, Canada. 2Muscle Health Research
Centre, York University, Toronto, Ontario, Canada. 3School of Kinesiology and
Health Science, York University, Toronto, Ontario, Canada.

Received: 21 June 2016 Accepted: 20 December 2016

References
1. Finestone A, Milgrom C. How stress fracture incidence was lowered in the

Israeli army: a 25-yr struggle. Med Sci Sports Exerc. 2008;40(11 Suppl):S623–9.
doi:10.1249/MSS.0b013e3181892dc2.

2. Louboutin H, Debarge R, Richou J, et al. Osteoarthritis in patients with
anterior cruciate ligament rupture: a review of risk factors. Knee. 2009;16(4):
239–44. doi:10.1016/j.knee.2008.11.004.

3. NAMS. Management of osteoporosis in postmenopausal women: 2010
position statement of The North American Menopause Society. Menopause.
2010;17(1):25–54. doi:10.1097/gme.0b013e3181c617e6. quiz 55-6.

4. Fuchs RK, Bauer JJ, Snow CM. Jumping improves hip and lumbar spine
bone mass in prepubescent children: a randomized controlled trial. J Bone
Miner Res. 2001;16(1):148–56. doi:10.1359/jbmr.2001.16.1.148.

5. Ozcivici E, Luu YK, Adler B, et al. Mechanical signals as anabolic agents in
bone. Nat Rev Rheumatol. 2010;6(1):50–9. doi:10.1038/nrrheum.2009.239.

Verniba et al. Sports Medicine - Open  (2017) 3:6 Page 8 of 9

http://dx.doi.org/10.1249/MSS.0b013e3181892dc2
http://dx.doi.org/10.1016/j.knee.2008.11.004
http://dx.doi.org/10.1097/gme.0b013e3181c617e6
http://dx.doi.org/10.1359/jbmr.2001.16.1.148
http://dx.doi.org/10.1038/nrrheum.2009.239


6. Rannou F, Poiraudeau S. Non-pharmacological approaches for the
treatment of osteoarthritis. Best Pract Res Clin Rheumatol. 2010;24(1):93–106.
doi:10.1016/j.berh.2009.08.013.

7. Lau RW, Pang MY. An assessment of the osteogenic index of therapeutic
exercises for stroke patients: relationship to severity of leg motor impairment.
Osteoporos Int. 2009;20(6):979–87. doi:10.1007/s00198-008-0773-1.

8. Bass SL, Saxon L, Daly RM, et al. The effect of mechanical loading on the
size and shape of bone in pre-, peri-, and postpubertal girls: a study in
tennis players. J Bone Miner Res. 2002;17(12):2274–80. doi:10.1359/jbmr.
2002.17.12.2274.

9. Creighton DL, Morgan AL, Boardley D, Brolinson PG. Weight-bearing
exercise and markers of bone turnover in female athletes. J Appl Physiol
(1985). 2001;90(2):565–70.

10. Takata S, Yasui N. Disuse osteoporosis. J Med Invest. 2001;48(3-4):147–56.
11. Goldring MB, Marcu KB. Cartilage homeostasis in health and rheumatic

diseases. Arthritis Res Ther. 2009;11(3):224. doi:10.1186/ar2592.
12. Liang MT, Braun W, Bassin SL, et al. Effect of high-impact aerobics and

strength training on BMD in young women aged 20–35 years. Int J Sports
Med. 2011;32(2):100–8. doi:10.1055/s-0030-1268503.

13. Mundermann A, Dyrby CO, Andriacchi TP, King KB. Serum concentration of
cartilage oligomeric matrix protein (COMP) is sensitive to physiological
cyclic loading in healthy adults. Osteoarthritis Cartilage. 2005;13(1):34–8.
doi:10.1016/j.joca.2004.09.007.

14. Maimoun L, Sultan C. Effects of physical activity on bone remodeling.
Metabolism. 2011;60(3):373–88. doi:10.1016/j.metabol.2010.03.001.

15. Congdon KA, Hammond AS, Ravosa MJ. Differential limb loading in
miniature pigs (Sus scrofa domesticus): a test of chondral modeling theory.
J Exp Biol. 2012;215(Pt 9):1472–83. doi:10.1242/jeb.061531.

16. Hsieh YF, Wang T, Turner CH. Viscoelastic response of the rat loading
model: implications for studies of strain-adaptive bone formation. Bone.
1999;25(3):379–82.

17. Lester ME, Urso ML, Evans RK, et al. Influence of exercise mode and
osteogenic index on bone biomarker responses during short-term physical
training. Bone. 2009;45(4):768–76. doi:10.1016/j.bone.2009.06.001.

18. Marshall SW. Recommendations for defining and classifying anterior
cruciate ligament injuries in epidemiologic studies. J Athl Train. 2010;45(5):
516–8. doi:10.4085/1062-6050-45.5.516.

19. Dai B, Herman D, Liu H, Garrett WE, Yu B. Prevention of ACL injury, part I:
injury characteristics, risk factors, and loading mechanism. Res Sports Med.
2012;20(3-4):180–97. doi:10.1080/15438627.2012.680990.

20. DeMorat G, Weinhold P, Blackburn T, Chudik S, Garrett W. Aggressive
quadriceps loading can induce noncontact anterior cruciate ligament injury.
Am J Sports Med. 2004;32(2):477–83.

21. McNair PJ, Prapavessis H, Callender K. Decreasing landing forces: effect of
instruction. Br J Sports Med. 2000;34(4):293–6.

22. Myers CA, Torry MR, Peterson DS, et al. Measurements of tibiofemoral
kinematics during soft and stiff drop landings using biplane fluoroscopy.
Am J Sports Med. 2011;39(8):1714–22. doi:10.1177/0363546511404922.

23. Zhang SN, Bates BT, Dufek JS. Contributions of lower extremity
joints to energy dissipation during landings. Med Sci Sports Exerc.
2000;32(4):812–9.

24. Devita P, Skelly WA. Effect of landing stiffness on joint kinetics and
energetics in the lower extremity. Med Sci Sports Exerc. 1992;24(1):108–15.

25. C-Motion. Marker Set Guidelines. C-Motion Wiki Documentation [Website].
2015; www.c-motion.com/v3dwiki/index.php?title=Marker_Set_
Guidelines#cite_note-Serge-1. Accessed 29 Dec 2016.

26. Leardini A, Sawacha Z, Paolini G, Ingrosso S, Nativo R, Benedetti MG. A new
anatomically based protocol for gait analysis in children. Gait Posture. 2007;
26(4):560–71. doi:10.1016/j.gaitpost.2006.12.018.

27. Ford KR, Myer GD, Hewett TE. Reliability of landing 3D motion analysis:
implications for longitudinal analyses. Med Sci Sports Exerc. 2007;39(11):
2021–8. doi:10.1249/mss.0b013e318149332d.

28. Alenezi F, Herrington L, Jones P, Jones R. The reliability of biomechanical
variables collected during single leg squat and landing tasks. J Electromyogr
Kinesiol. 2014;24(5):718–21. doi:10.1016/j.jelekin.2014.07.007.

29. Wang H, Frame J, Ozimek E, Leib D, Dugan EL. The effects of load carriage
and muscle fatigue on lower-extremity joint mechanics. Res Q Exerc Sport.
2013;84(3):305–12. doi:10.1080/02701367.2013.814097.

30. Nagano H, Tatsumi I, Sarashina E, Sparrow WA, Begg RK. Modelling knee
flexion effects on joint power absorption and adduction moment. Knee.
2015. doi:10.1016/j.knee.2015.06.016

31. Verniba D, Vergara ME, Gage WH. Force plate targeting has no effect
on spatiotemporal gait measures and their variability in young and
healthy population. Gait Posture. 2015;41(2):551–6. doi:10.1016/j.gaitpost.
2014.12.015.

32. Winter DA. Biomechanics and motor control of human movement. 3rd ed.
Hoboken, New Jersey: John Wiley & Sons; 2005.

33. Niehoff A, Muller M, Bruggemann L, et al. Deformational behaviour of knee
cartilage and changes in serum cartilage oligomeric matrix protein (COMP)
after running and drop landing. Osteoarthritis Cartilage. 2011;19(8):1003–10.
doi:10.1016/j.joca.2011.04.012.

34. C-Motion. Inverse Dynamics. C-Motion Wiki Documentation [Website].
2013; www.c-motion.com/v3dwiki/index.php?title=Inverse_Dynamics.
Accessed 29 Dec 2016.

35. Dempster WT, Gabel WC, Felts WJ. The anthropometry of the manual work
space for the seated subject. Am J Phys Anthropol. 1959;17:289–317.

36. Bakeman R. Recommended effect size statistics for repeated measures
designs. Behav Res Methods. 2005;37(3):379–84.

37. Bobbert MF, Huijing PA, van Ingen Schenau GJ. Drop jumping. II. The
influence of dropping height on the biomechanics of drop jumping. Med
Sci Sports Exerc. 1987;19(4):339–46.

38. Peng HT. Changes in biomechanical properties during drop jumps of
incremental height. J Strength Cond Res. 2011;25(9):2510–8. doi:10.1519/JSC.
0b013e318201bcb3.

39. Herman DC, Barth JT. Drop-jump landing varies with baseline
neurocognition: implications for anterior cruciate ligament injury risk and
prevention. Am J Sports Med. 2016;44(9):2347–53. doi:10.1177/
0363546516657338.

40. Tran AA, Gatewood C, Harris AH, Thompson JA, Dragoo JL. The effect
of foot landing position on biomechanical risk factors associated with
anterior cruciate ligament injury. J Exp Orthop. 2016;3(1):13. doi:10.1186/
s40634-016-0049-1.

41. Jones PA, Herrington LC, Graham-Smith P. Technique determinants of knee
joint loads during cutting in female soccer players. Hum Mov Sci. 2015;42:
203–11. doi:10.1016/j.humov.2015.05.004.

42. Frank B, Bell DR, Norcross MF, Blackburn JT, Goerger BM, Padua DA. Trunk
and hip biomechanics influence anterior cruciate loading mechanisms in
physically active participants. Am J Sports Med. 2013;41(11):2676–83.
doi:10.1177/0363546513496625.

43. Torry MR, Shelburne KB, Peterson DS, et al. Knee kinematic profiles during
drop landings: a biplane fluoroscopy study. Med Sci Sports Exerc. 2011;43(3):
533–41. doi:10.1249/MSS.0b013e3181f1e491.

44. Markolf KL, O’Neill G, Jackson SR, McAllister DR. Effects of applied
quadriceps and hamstrings muscle loads on forces in the anterior and
posterior cruciate ligaments. Am J Sports Med. 2004;32(5):1144–9.
doi:10.1177/0363546503262198.

45. Costigan PA, Deluzio KJ, Wyss UP. Knee and hip kinetics during normal stair
climbing. Gait Posture. 2002;16(1):31–7.

46. D’Lima DD, Fregly BJ, Patil S, Steklov N, Colwell Jr CW. Knee joint forces:
prediction, measurement, and significance. Proc Inst Mech Eng H. 2012;
226(2):95–102.

Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com

Verniba et al. Sports Medicine - Open  (2017) 3:6 Page 9 of 9

http://dx.doi.org/10.1016/j.berh.2009.08.013
http://dx.doi.org/10.1007/s00198-008-0773-1
http://dx.doi.org/10.1359/jbmr.2002.17.12.2274
http://dx.doi.org/10.1359/jbmr.2002.17.12.2274
http://dx.doi.org/10.1186/ar2592
http://dx.doi.org/10.1055/s-0030-1268503
http://dx.doi.org/10.1016/j.joca.2004.09.007
http://dx.doi.org/10.1016/j.metabol.2010.03.001
http://dx.doi.org/10.1242/jeb.061531
http://dx.doi.org/10.1016/j.bone.2009.06.001
http://dx.doi.org/10.4085/1062-6050-45.5.516
http://dx.doi.org/10.1080/15438627.2012.680990
http://dx.doi.org/10.1177/0363546511404922
http://www.c-motion.com/v3dwiki/index.php?title=Marker_Set_Guidelines#cite_note-Serge-1
http://www.c-motion.com/v3dwiki/index.php?title=Marker_Set_Guidelines#cite_note-Serge-1
http://dx.doi.org/10.1016/j.gaitpost.2006.12.018
http://dx.doi.org/10.1249/mss.0b013e318149332d
http://dx.doi.org/10.1016/j.jelekin.2014.07.007
http://dx.doi.org/10.1080/02701367.2013.814097
http://dx.doi.org/10.1016/j.knee.2015.06.016
http://dx.doi.org/10.1016/j.gaitpost.2014.12.015
http://dx.doi.org/10.1016/j.gaitpost.2014.12.015
http://dx.doi.org/10.1016/j.joca.2011.04.012
http://www.c-motion.com/v3dwiki/index.php?title=Inverse_Dynamics
http://dx.doi.org/10.1519/JSC.0b013e318201bcb3
http://dx.doi.org/10.1519/JSC.0b013e318201bcb3
http://dx.doi.org/10.1177/0363546516657338
http://dx.doi.org/10.1177/0363546516657338
http://dx.doi.org/10.1186/s40634-016-0049-1
http://dx.doi.org/10.1186/s40634-016-0049-1
http://dx.doi.org/10.1016/j.humov.2015.05.004
http://dx.doi.org/10.1177/0363546513496625
http://dx.doi.org/10.1249/MSS.0b013e3181f1e491
http://dx.doi.org/10.1177/0363546503262198

	Abstract
	Background
	Methods
	Results
	Conclusions

	Key Points
	Background
	Methods
	Participants
	Setup and Protocol
	Measures of Interest
	Statistical Analysis

	Results
	The Analysis of the Trial/Condition Order Effect
	Peak Kinematic and Kinetic Measures
	Knee Flexion Angle
	Vertical nGRF
	Knee Compression Force
	Knee Flexion Moment

	Measures Reported at the Peak Knee Flexion Moment
	Knee Abduction Moment
	Knee External Rotation Moment
	Ankle Flexion Moment
	Hip Extension Moment
	Ankle Power
	Knee Power
	Hip Power


	Discussion
	The Effect of Drop Height on Lower Limb Joint Kinetics and Kinematics
	The Effect of Instruction on Lower Limb Joint Kinetics and Kinematics
	The Effect of Drop Height and Instruction on Lower Limb Joint Kinetics and Kinematics
	Clinical Implications
	Limitations

	Conclusions
	Acknowledgements
	Funding
	Authors’ contributions
	Competing interests
	Ethics approval and consent to participate
	Author details
	References

