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Abstract: The difference of drop heights will affect the biomechanics of lower extremities during drop-
jump (DJ) landing. Therefore, this study explored the effects of drop heights and training volumes
on interjoint coordination and the side-to-side asymmetry of the lower extremities during landing.
Twenty males were randomly assigned to perform 200 DJs (D]s200) from 30, 40 and 50 cm (drop-jump
height (DJH) 30, DJH40 and DJH50) platform. One-way ANOVA repeated measure, using MATLAB
software, was used to compare the differences of interjoint coordination, side-to-side asymmetry
of ground contact time (GCT) and the maximum impact in vertical ground-reaction forces peak
(I-vGRFpeak) in the 1st, 50th, 100th, 150th and 200th jumps (DJ1, DJs50, DJs100, DJs150 and DJs200).
To examine whether significant differences exist, the least significant difference’s (LSD) method was
used for post-hoc comparison. The mean absolute relative phase (MARP) and deviation phase (DP)
of hip—knee were lower than DJH50 at DJH30 and DJH40, while side-to-side asymmetry of GCT and
I-vGRFpeak were greater than DJH30 and DJH40 at DJH50 within DJs200 (all p <0.05). However,
there was no significant difference in MARP and DP of hip-ankle and knee-ankle. Therefore, training
at DJH30 may effectively improve jumping performance and reduce musculoskeletal injury risk.

Keywords: continuous relative phase; ground contact time; peak ground-reaction force

1. Introduction

The drop jump (DJ) is a plyometric exercise who does maximum vertical jump imme-
diately after jumping from different drop heights [1]. Athletes usually use DJ training to
enhance muscle strength and jump performance by stretch-shortening cycle (SSC) mecha-
nism [2,3]. However, a lower drop height leads to asymmetrical muscle strength during
landing [4], while a higher drop height leads to a decrease in power output due to lack
of muscle adjustments [5,6]. Appropriate drop height can improve jumping performance
and avoid musculoskeletal injury caused by excessive load of lower extremity muscles due
to higher drop heights [7-9]. Therefore, inappropriate drop height may reduce jumping
performance and cause lower-extremity musculoskeletal injury. In addition, repeated D]
training at different drop heights may cause neuromuscular fatigue, impair jumping per-
formance and lead to injury. Mechanical loads on lower extremity joints during repeated
landing may result in stress fractures and anterior cruciate ligament (ACL) injuries, which
may limit performance [10,11]. Accordingly, proper drop height and training volume of
repetitive DJ training can help improve jumping performance, and inappropriate jump
heights may cause lower-extremity musculoskeletal injury.

The movements of the lower extremity are coupled, and disturbance to the system
may cause injury [12]. The dynamic system approach is particularly effective in studying
the characteristics of motor coordination and stability under the coupling relationship of
the lower extremities [13]. The ability of muscles to control joints in dynamic movement
such as jump-landing can be described as interjoint coordination, which provides a deeper
understanding of the motor control by the central nervous system [14]. Coordination can
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reduce the load of joints during movement by improving dynamic stability, resulting in
efficient and accurate functional movement [15]. Past research has found that good coordi-
nation in landing allows the load to be evenly distributed between the lower extremities to
better absorb the impact of landing [16,17]. The lower-extremity instability in interjoint
coordination is one of the main factors leading to injury [18]. Muscle fatigue, after repeated
jumps, resulted in greater instability of joint coordination, increasing the risk of injury to the
lower extremities [19]. However, most of the biomechanics research on DJs have focused
on individual joint movements rather than interjoint coordination and the variability of
coordination. Therefore, identifying interjoint coordination and variability during the
landing phase may be useful for understanding the effects of different drop heights and
training volumes on motor-task control, thereby reducing lower-extremity injury.

The side-to-side asymmetry between the lower extremities are useful for understand-
ing neuromuscular control during jump-landing in athletes [20]. In the DJ technique, the
athlete usually leaves the platform on one limb and lands on both limbs [4]. The first
lower-extremity limb to leave the platform is called the lead limb, and the other the trail
limb [4]. The trail limb may not have enough time to catch up with the lead limb, such
that side-to-side asymmetry of landing times were increased when landing at a lower
drop height, which may affect the neuromuscular load on both limbs and reduce athletic
performance [21,22]. The larger side-to-side asymmetry of impact force may indicate
reduced jumping ability and power output, as well as increased risk of lower-extremity
injury [23]. In addition, such asymmetry values may provide a useful monitoring tool
for athletes [24]. Excessive drop heights during DJ landing leads to larger side-to-side
asymmetry and can easily cause lower-extremity injury [25]. Therefore, differences of drop
height and in training volume impact lower-extremity asymmetry.

In general, drop height and training volume can affect biomechanical differences
during landing, and inappropriate heights or training volumes will lead to lower-extremity
musculoskeletal injury. Our main hypothesis is that higher drop heights and fatigue would
decrease hip—knee-ankle coordination patterns and coordination variability, as well as the
kinetic- and temporal-asymmetry increase at ground contact. Therefore, our aim was to
study this the patterns of hip—knee—ankle coordination, interjoint coordination variability,
and side-to-side asymmetry, by testing different drop heights and training volumes.

2. Materials and Methods
2.1. Subjects

Through the effect size of 2.23 as in our previous study, a priori power analysis
(G*Power version 3.1.9.4; Heinrich Heine University Diisseldorf, Diisseldorf, Germany)
proved that according to the traditional « (0.05) and (3 (0.80) values, at least 12 subjects
were required to participate in this study [26]. Twenty healthy, male Division III athletes
(age = 21.5 + 0.9 years old, height = 174.6 &+ 4.7 cm, body weight = 67.9 £ 7.9 kg) from
Jilin Sport University volunteered to participate in the study. The subjects were asked to
maintain their normal dietary patterns during the experiment [27]. The subjects did not
have any impairments that would hinder their ability to express maximum performance,
such as musculoskeletal injuries or neurological disorders of the lower extremities in the
preceding year. After explanating the procedure and possible risks, participants gave
their written informed consent (form JLSU-IRB2020004) that was approved by the regional
ethics committee.

2.2. Protocol

Subjects were allowed a short period of time to familiarize themselves with the test
procedure and to perform specific warm-up exercises for the major muscle groups of the
lower extremity (10 min on a treadmill at 8 km/h) after anthropometric measures were
taken. To control for the potential impact of shoes, all subjects were required to wear
standard shoes suitable for the subjects’ size, provided by the laboratory. Experiments
were conducted at the same time in the afternoon. Before the study, the subjects performed
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a standard dynamic warm-up for the major muscle groups of the lower limbs (running on
a treadmill at a speed of 8§ km/h for 10 min). The subjects were asked to avoid training and
to maintain a normal diet 24 h prior to testing sessions. In this study, all subjects performed
three random DJ task (200 DJs for each task) over three days from 30, 40, and 50 cm drop
heights (DJH30, DJH40, and DJH50), similar to the height used in previous studies [7], with
four-day breaks between each drop-height experiment. Subjects were required to leave
the raised platform on one limb, land on both limbs at the same time, and then make a
maximum vertical jump immediately after landing in the shortest time of contact with the
ground [4,28]. Subjects need to land in their natural landing style with both feet touching
the ground as symmetrically as possible [27]. To ensure that their hands were on their
waists and their feet on two force plates during the test, all subjects were asked to practice
the jump five times before data collection. The data for DJ1, DJs50, DJs100, DJs150, and
DJs200 were recorded, and a 10 s interval was maintained between each jump performed.

2.3. Data Collection

The tests were conducted using 10 cameras (BTS DX400, BTS Bioengineering, Milano,
Italy) at a 200 Hz sampling rate to record kinematic data, and 2 force platforms (40 x 60 cm)
sampling at 400 Hz (BTS P6000, BTS Bioengineering, Milano, Italy) to measure ground-
reaction forces. A modified Helen Hayes marker set was used to identify a 7-segment
rigid-link model of the lower extremity, with 21 reflective markers (19 mm in diameter)
attached to the leg and pelvis [29].

2.4. Data Analysis

The ground-reaction force (GRF) data was smoothed by a fourth-order low-pass
Butterworth digital filter with a cut-off frequency of 50 Hz. The landing phase was defined
as the time interval from the foot contacting the ground (t1) to the knee joint reaching its
maximum flexion angle (t2), as analyzed for the dynamic data. The vertical GRF (vGRF)
threshold of 10-N was evaluated to determine the moment of foot contact (t1) and the
maximum vGRF was defined as I-vGRFpeak during the landing phase. The I-vGRFpeak
was normalized to body weight (BW). The I-vGRFpeak and interval between t1 and t2
during the landing phase were used to calculate side-to-side asymmetry. Continuous
relative phase (CRP), as a measurement, was used to describe the patterns of interjoint
coordination and information about the variability of coordination patterns [30], as the
variability of coordination can well reflect the adaptability, the degree of sensory feedback,
and degree of load-sharing of the lower extremity joints during jump-landing [31]. A value
of zero indicates that both joints are moving fully in-phase, and a value of 180 represents
a their movement in full antiphase [32]. The mean absolute relative phase (MARP) was
used to extract a value describing interjoint coordination (i.e., in-phase/antiphase coupling
relationships) for the hip—knee, hip-ankle, and knee—ankle segments. Deviation phase
(DP) was calculated by determining the absolute difference in the phase angles of the two
adjacent joints over the entire motion cycle. DP represents the standard deviation of each
point on the overall curve, and as the average of the standard deviation of the entire profile
during the landing phase, to determine interjoint coordination variability during DJ. The
phase angle (PA) between joints was calculated to evaluate interjoint coordination during
landing. For each joint, the phase diagram of the normalized angular velocity (w) relative
to the corresponding normalized angle (6) is established according to Formula (1), and
then the normalized joint angle was calculated according to Formula (2):

wjnorm = w/max[max(wj), max(—wj)] e8]

Oinorm = 2x[0; — min(0;)]/max(6;) — min(6;) 2)

Then, the phase diagrams of each joint were derived from 6jnorm and wjnorm at
each time point. According to the phase diagram, PA of the joint at each time point was
determined to be the four-quadrant arctangent angle between the normalized angular
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velocity and the joint angle (PA¢1). Finally, the difference of the PA between the joints was
calculated by the RPA, and thus the interjoint coordination was calculated.

2.5. Statistical Analysis

All statistical analysis was calculated using Matlab software (version R2019a; Math-
Works, Inc., Natick, MA, USA), and analyses of variance were executed to compare parame-
ters between DJH30, DJH40 and DJH50. Variables were analysed using a one-way ANOVA
repeated measure for three drop heights. For the ANOVA results, sphericity was tested
using Mauchly’s test of sphericity. The Greenhouse-Geisser correction factor was used
when aspheric results were present. If significant difference did exist, the least-significant
difference’s (LSD) pairwise post-hoc test was used to assess differences between individual
heights. The significance level was set as « = 0.05 throughout the study. The effect size
(ES) was used to determine whether a difference is actually a correlated difference. The
variation differences of the three increasing drop heights was determined by the modified
Cohen scale, the range of trivial difference is < 0.2, the range of small difference is 0.2-0.6,
the range of moderate difference is 0.6-1.2, and the range of large difference is 1.2-2.0 [33].

3. Results

Figure 1 presents the mean deviations of each dependent MARP variable. For the right
and left hip—knee joints, there was shown to be more out-of-phase interjoint coordination
(higher MARP) over the full landing phase in DJH30 and DJH40. The MARP of right and
left hip—knee joints decreased significantly overall (all p < 0.050) on the three increasing
drop heights, with the post-hoc results showing differences between DJH30, DJH40, and
DJH50. The post-hoc comparisons showed that the right hip—knee MARP were 33.76%,
45.93%, 44.12%, 35.88%, and 39.45% (all p < 0.018; ES varying from 0.585 to 0.859) lower of
DJH50 than DJH30, 37.21%, 41.77%, 26.24%, 28.00%, and 37.04% (all p < 0.043; ES varying
from 0.488 to 1.036) lower of DJH50 than DJH40 at DJ1, DJs50, DJs100, DJs150 and DJs200,
respectively (Figure 1A). The post-hoc comparisons showed that left hip-knee MARP were
31.87%, 49.82%, 41.91%, 44.78% and 42.83% (all p < 0.010; ES varying from 0.652 to 1.163)
lower of DJH50 than DJH30, 34.63%, 45.44%, 30.91%, 44.97% and 38.06% (all p < 0.025; ES
varying from 0.547 to 1.108) lower of DJH50 than DJH40 at DJ1, DJs50, DJs100, DJs150
and DJs200, respectively (Figure 1B). There were no significant differences in right and left
hip-ankle or knee—ankle of MARP between DJH30, DJH40 and DJH50 (Figure 1C-F). To
sum up, the MARP of hip—knee varies with drop heights.

Figure 2 presents the mean deviations of each dependent DP variable. The right and
left hip—knee joint showed more variability in interjoint coordination (DP) over the full
landing phase in DJH30 and DJH40. The DP of right and left hip—knee jointd decreased
significantly, overall (all p < 0.050), on the three increasing drop heights, with the post-hoc
results showing differences between DJH30, DJH40 and DJH50. The post-hoc comparisons
showed that the right hip—knee DP were 29.13%, 41.69%, 48.32%, 34.74% and 29.83% (all
p < 0.044; ES varying from 0.484 to 0.793) lower of DJH50 than DJH30, 41.74%, 40.93%,
34.18%, 23.88% and 36.75% (all p < 0.042; ES varying from 0.491 to 0.803) lower of DJH50
than DJH40 at DJ1, DJs50, DJs100, DJs150 and DJs200, respectively (Figure 2A). The post-
hoc comparisons showed that left hip—knee DP were 35.95%, 49.17%, 41.09%, 36.91% and
36.43% (all p < 0.012; ES varying from 0.625 to 1.046) lower of DJH50 than DJH30, 39.30%,
39.02%, 36.50%, 26.45% and 26.70% (all p < 0.036; ES varying from 0.501 to 0.665) lower
of DJH50 than DJH40 at DJ1, DJs50, DJs100, DJs150 and DJs200, respectively (Figure 2B).
There were no significant differences in right and left hip—ankle, knee-ankle of DP between
DJH30, DJH40 and DJH50 (Figure 2C-F). In general, the difference of drop heights leads to
the change of hip—knee DP.

Figure 3 presents the mean deviations of each dependent asymmetry variable. The
side-to-side asymmetry of GCT increased significantly, overall (all p < 0.050), on the three
increasing drop heights, with the post-hoc results showing differences between DJH30,
DJH40 and DJH50. The post-hoc comparisons showed that side-to-side asymmetry of
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GCT were 1.70-, 1.70-, 1.67-, 1.56- and 1.60-fold (all p < 0.043; ES varying from 0.488 to
1.065) higher of DJH50 than DJH30, 1.89-, 1.55-, 1.88-, 1.75- and 1.78-fold (all p < 0.030; ES
varying from 0.528 to 1.042) higher of DJH50 than DJH40 at DJ1, DJs50, DJs100, DJs150
and DJs200, respectively (Figure 3A). The side-to-side asymmetry of peak I-vGRFpeak
increased significantly, overall (all p < 0.050), on the three increasing drop heights, with
the post-hoc results showing differences between DJH30, DJH40 and DJH50. Our results
show that side-to-side asymmetry of I-vGRFpeak were 1.54-, 3.05-, 1.92-, 1.57- and 1.74-fold
higher (all p < 0.026; ES varying from 0.546 to 1.059) during DJH40 than DJH30; and 2.10-,
2.76-,1.93-, 1.89- and 2.28-fold higher (all p < 0.016; ES varying from 0.598 to 0.847) during
DJHS50 than DJH30 at DJ1, DJs50, DJs100, DJs150 and DJs200, respectively (Figure 3B).
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Figure 1. MARP = mean absolute relative phase. (A,C,E) represent the right MARP of hip-knee,
hip-ankle and knee-ankle respectively, (B,D,F) represent the right MARP of hip-knee, hip-ankle and
knee-ankle respectively during drop-jumps from three heights at DJ1, DJs50, DJs100, DJs150, and
DJs200. Asterisk T indicates that a significant difference with DJH30; 1 indicates that a significant
difference with DJH40. p values < 0.05 were considered to significantly differ.
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Figure 2. DP = deviation phase. (A,C,E) represent the right DP of hip-knee, hip-ankle and knee-ankle
respectively, (B,D,F) represent the right DP of hip-knee, hip-ankle and knee-ankle respectively during
drop-jumps from three heights at DJ1, DJs50, DJs100, DJs150 and DJs200. Asterisk t indicates that a
significant difference with DJH30; 1 indicates that a significant difference with DJH40. P values < 0.05
were considered to significantly differ.
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Figure 3. GCT = ground contact time; I-vGRFpeak = peak impact force during the landing phase.
(A,B) represent the side-to-side asymmetry of GCT and I-vGRFpeak respectively during drop-jumps
from three heights at DJ1, DJs50, DJs100, DJs150 and DJs200. Asterisk t indicates that a significant
difference with DJH30; 1 indicates that a significant difference with DJH40. p values < 0.05 were
considered to significantly differ.
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4. Discussion

This study presented a comparative investigation between MARP and DPs in the
lower extremity for different drop heights and training volumes while performing a D]
task. Consistent with the hypothesis, the results show higher DP and MARP of hip—knee
joints and higher side-to-side asymmetry of GCT at DJH30 and DJH40. The side-to-side
asymmetry of I-vGRFpeak was higher at DJH50.

The study found that MARPs of right and left hip—knee joints, at DJH30 and DJH40,
were greater than DJH50 within DJs200. Changes in initial posture may affect muscle-
tendon unit lengths and generate different forces, and joint moments may affect MARP [34].
The lower the angle of the knee during DJ-landing from higher drop heights results in a
different initial position during takeoff [35]. Thus, changes in initial position during land-
ing from different drop heights may alter muscle-tendon length and cause the difference
in MARP. However, MARP was not changed in the hip—ankle and knee-ankle joints, at
different drop heights. The important angular moments caused by the “prioritizing”of
a hip—knee coordination-motion—control strategy contributes to improving athletic per-
formance [34]. In addition, a lower MARP results in difficulty in movement control and
error correction during joint movement [36]. Therefore, the drop heights of 30 and 40 cm
showed better interjoint coordination of hip—knee joints within DJs200.

The higher DP of the right and left hip—knee joints within DJs200, in DJH30 and DJH40,
compared with DJH50, indicates that drop heights may affect DP and there is a greater
coordination instability for the hip—knee joint at lower drop heights. Prior research has
found that higher DPs may be a functional feature of the neuromusculoskeletal system that
better redistributes anatomical load and reduces the risk of injury by reducing repetitive
patterns [12,37]. Accordingly, the higher DP for hip—knee joints in DJH30 and DJH40
may better redistribute lower-extremity joint load effectively, and thereby reduce lower-
extremity injury. Morever, a lower DP is consistent with protective behavior in terms of
physical performance [38]. The DP variation caused by larger ground impact forces during
landing may result in less strict control over joint couplings [39]. Therefore, when landing
during DJH50, a lower DP for hip—knee joints is not conductive to joint control, but may be
a protective strategy for athletes to cope with high-impact forces. However, in this study,
the DP of hip—ankle and knee-ankle joints di not differ by drop height. It may be that the
three drop heights and training volumes used were not sufficiently threatening to trigger
protective reinforcement motor strategies for the hip—ankle and knee—ankle joints during
landing. Thus, a greater DP of hip—knee joints during DJH30 and DJH40 may reduce injury
in the lower extremities, and a DP in DJH50 may be due to a protective strategy for coping
with the larger ground impact in DJs200.

The results of this study show that the side-to-side asymmetry of GCT increases with
drop height. Previous studies have found that differences in muscle strength, flexibility,
and dynamic control of the lower extremities lead to increased side-to-side asymmetry of
GCT, which affects the benefit of training [4,40,41]. Thus, as side-to-side asymmetry of
GCT increases with drop heights—especially at DJH50—may affect training efficacy. In
addition, limb preference may play a role in some of the kinetic differences between limbs
during DJ [42]. The higher I-vGRFpeak in one limb seems to indicate that the limb bore
more weight on landing indicates functional dominance for that limb compared with the
other [21]. Overuse of the dominant foot can put more pressure on the corresponding knee
joint, leaving the nondominant leg unable to absorb vibration effectively [43]. Athletes
who regularly jump during training may gradually overload the functional limbs, leading
to impacts such as chronic injury [21]. Therefore, the higher side-to-side asymmetry of
I-vGRFpeak may increase injury risk during DJH50. Accordingly, the smaller side-to-side
asymmetry of GCT and I-vGRFpeak during DJH30 are beneficial to reduce the risk of
training injury and improve the training effect.
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5. Conclusions

We concluded that interjoint coordination patterns, variability and side-to-side asym-
metry were affected by drop height in drop jumping. MARP and DP were higher when
jumps were performed within both DJH30 and DJH40. Also, changes, verified by CRP,
indicated that different drop heights affected intersegmental coordination. This suggests
that when subjects assume different drop heights in a drop-jump it may interfere with their
motor patterns. Different drop heights and training volumes during DJ training will affect
side-to-side asymmetry and interjoint coordination during landing. Therefore, coaches
should take care to choose the appropriate drop height and training volume when DJ
training their athletes.

6. Limitation

There were limitations to this study; we did not collect data on women. Future work
will considered gender as a mediating factor in the analysis of different drop height and
training volume on the biomechanics of the lower extremity.
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