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Introduction: Landing is a critical motor skill included in many activities
performed in the natural environment by young children. Yet, landing is
critically relevance to ensure proper stability and reduce injury. Furthermore,
landing is an integral part of many fundamental motor skills which have
been linked to greater physical activity, sport participation, and perceived
competence in children. Our aim was to examine the drop-landing
strategies of young children focusing on the lower extremity with a multi-
variant approach.

Methods: Forty-four children divided into four age groups (G1:3-4.5 vy,
G2:45-6y, G3:6-7.5y, G4:7.5-9 y) performed 20 drop-land trials in four
different conditions: predictable stationary landing, running to the left, to
the right, and stay in place. Fifteen reflective markers, two force plates, and
ten surface electromyography (SEMG) sensors were used to collect data.
MANOVAs (Group x Condition) were conducted separately for the kinematic,
kinetic, and sEMG variables.

Results: Only significant group effects were found (kinematic MANOVA p =
0.039, kinetic MANOVA p = 0.007, and sSEMG MANOVA p = 0.012), suggesting
that younger groups (G1, G2) differed to the older groups (G3, G4). G1
showed less knee flexion and slower ankle dorsi-flexion during the braking
phase compared to G3, while G2 presented smaller ankle dorsi-flexion at the
braking phase and smaller ankle range of motion than G3. Overall kinetic
variables analysis showed a group difference but no group differences for
any single kinetic variable alone was found. Regarding sEMG, G1 during the
flight phase exhibited longer tibialis anterior and hamstrings activity than G3
and G3 & G4, respectively; and an earlier start of the hamstrings’ impact
burst than G4. In addition, distal to proximal control was primarily used by all
groups to coordinate muscle activity (in response to impact) and joint motion
(after impact).

Discussion: Perhaps a developmental critical point in landing performance
exists at 4-5 years of age since G1 presented the largest differences among the
groups. This suggests that to improve landing strategies could start around this
age. Future studies should examine if playground environments that include
equipment conducive to landing and practitioners in the kindergarten schools
are adequate vehicles to empower this type of intervention.
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Introduction

The acquisition of proficiency in fundamental motor skills
(FMS) such as running or throwing has been recognized
as a building block for greater physical activity, play, sport
participation, and better perceived competence (Okely et al,
2001; Stodden et al., 2008; Barnett et al., 2009). Most children
continue developing these FMS until age twelve, then they go
on to refining them as developmental changes progress into
adulthood (Barber-Westin et al., 2006). FMS have been classified
as locomotor and object manipulation (Magill and Anderson,
2014), with landing not being included in this traditional
classification despite its common use (Seefeldt, 1986; Zhao et al.,
2021). Some authors consider landing as a stabilizing motor
skill (Mckinley and Pedotti, 1992) but not a FMS because
landing typically occurs after a drop from a height or a jump;
in other words, landing is considered a subsequent part of
FMS such as running, jumping, and hopping. Regardless of
its classification, it is clear that FMS and stabilizing motor
skills (including landing) are part of the natural course of
physical growth and development. Therefore, targeting these
skills during practice would better equip children with proper
technique and enhance their future physical activity potential
since active children are more likely to be active adults (Okely
et al,, 2001; Barnett et al., 2009). Although landing is a critical
motor skill included in many daily, recreational, and sport
activities and its development seems to be interconnected to
FMS, research focusing on the development of landing as a
motor skill is scarce.

In addition to the relevant role that proper landing may play
in the development and physical activity participation of a child,
adequate technique in landing is important to prevent potential
injuries. Most young children enjoy going to the playground,
whether in school or at a park, and practice several motor
skills including landing. Playground typical equipment includes
swings, slides, elevated platforms, and monkey bars among
others. Landing effectively from these devices is fundamental to
safe participation in many play activities such as jumping from
an elevated platform or dropping from a swing or monkey bar.
Unfortunately, most injuries occur during these conditions. In
fact, Loder (2008) studied children’s injuries in the playground
and found that injuries owning to the monkey bars remained the
same from 1991 to 2005 while those owning to slides or swings
decreased. The authors suggested that prevention strategies
to reduce number of fractures should be directed at monkey
bar equipment and landing surfaces. Besides these contextual
characteristics affecting landing performance, children must
adapt their motor skills to their constantly changing body and
maturing nervous system. The greatest incidence of sprains
and ACL injuries occurs during adolescence while landing
(DiStefano et al., 2015) and it could be related to poor or
incorrect landing acquisition during childhood. Taking together
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all these data may indicate the need for early interventions
to ensure better landing skills and yet studies examining the
development of landing motor strategies from younger ages
(kindergarten and elementary school years) are very scarce.

Research focused on the development of landing mainly
compared children around 9-10 years old and adults
considering different types of landing. These types can be
grouped on (1) drop-land tasks, which entails hanging from
a bar or taking off from an elevated platform and landing
(Hinrichs et al., 1985; Larkin and Parker, 1998; McMillan
et al., 2010; Kim and Lim, 2014; Christoforidou et al., 2017;
Estevan et al., 2020; Schroeder et al., 2021; Koo et al., 2022;
Moir et al, 2022), and (2) jump-land tasks, which entails
jumping horizontally or upwards (off a box or not) and
landing (Hass et al., 2003; Russell et al., 2007; Xu et al., 2020).
Despite of the possible differences related to the task specificity,
previous literature presented evidence that pre-pubescent
children between 7 and 12 years are less efficient diminishing
the rate loading (higher peak of forces and shorter time to
these peaks and also to the end of the braking phase) (Larkin
and Parker, 1998; McKay et al., 2005; Lazaridis et al., 2010)
because of: (1) their anticipatory strategies rely mostly on their
muscle activation with higher time of activation before impact
(Christoforidou et al., 2017); (2) during the impact they increase
the muscle co-activity of the knee muscles but not the ones
related to the ankle dorsiflexion (Croce et al.,, 2004; Russell
et al, 2007; Wild et al., 2009), and (3) after impact, they tend
to present more proximal-distal control with more muscle
co-activity and limited range of motion of the lower limb joints
in the sagittal plane (Hinrichs et al., 1985; Larkin and Parker,
1998; Hass et al., 2003; Croce et al., 2004; Kim and Lim, 2014;
DiStefano et al., 2015; Raffalt et al., 2017; Niespodzinski et al.,
2021). To our knowledge, only Jensen et al. (1994) studied
younger children (3-4 years old) in comparison with adults
suggesting that children coordinate joint actions similarly to
adults during landings after a vertical jump but exhibited a
poor control of the muscle strength to perform adequate joint
displacement and/or velocities.

When observing children in the playground, one realizes
that children’s landing actions are usually followed by another
task (running, for example). Furthermore, these tasks are
typically initiated in response to the changing context, which
sometimes cannot be predicted because of the variable behavior
of other children in the same space requiring a change of the
initial direction to avoid bumping into each other. It is often
mentioned that an unanticipated change of direction is a high
risk movement associated with ACL injuries (Fuerst et al., 2017;
Whyte et al., 2018; Weir et al., 2019) because the limited time
to respond to the stimulus could lead to suboptimal decision
making and errors in coordination that can promote injuries
(Swanik et al., 2007; Yom et al., 2019). It is also plausible that
individuals use alternative motor strategies to prepare landings
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with unanticipated response (Yom et al., 2019), injuries could
appear when the alternative motor strategy is not good enough
or is not properly used before starting movements following
landing. The effects of an unanticipated change of direction
movement to run from a double-leg landing are not well studied.
Yom et al. (2019) reported no significant differences in vertical
ground reaction forces and in hip, knee and ankle maximum
flexion values when comparing adults performing anticipated
or unanticipated change of directions to run after double-leg
landings from a monkey bar. There is some research in children
focusing on the combination of landing when it is followed by
another predictable task (Croce et al., 2004; McKay et al., 2005;
Swartz et al., 2005; Lazaridis et al., 2010; DiStefano et al., 2015;
Niespodzinski et al., 2021) but only, to our knowledge, Rosales
etal. (2018) studied younger children (with typical development,
TD, and with autism spectrum disorder, ASD) drop-landing
followed by anticipated or unanticipated running conditions.
The authors reported similar results in kinematics and muscle
activity across conditions while more mature landing strategies
were shown by TD with longer bursts of muscle activation
during impact and shorter time to maximum knee and hip
flexion during the braking phase.

Given the scarcity of evidence and the fact that effective
motor skill performance like landing depends on previous early
motor learning (Santello and Mcdonagh, 1998; Santello, 2005;
Barber-Westin et al., 2006), it seemed reasonable to focus our
research on the earlier years (3-9 years) which, at the same
time, could provide new insights about the motor control
development of landing. There are endless possibilities for the
combinations of the aforementioned tasks. The self-initiate
drop-land task seemed to be the simpler of all, and therefore
most suitable to be studied in very young children. However,
because landing rarely occurs in a vacuum, landing tasks that
require to be followed by an unexpected or expected action
are also relevant to understand overall landing strategies. The
purpose of this study was to examine the drop-landing strategies
of young children focusing on the lower extremity with a multi-
variant approach (i.e., kinematic, kinetic, and muscle activity
variables). We hypothesized that youngest children compared
to older children will show a less efficient landing with (1)
lower and shorter rate of loading due to impact; (2) less muscle
specific pre-activation before impact but more co-contraction
throughout the landing; (3) less flexion in the hips, knees,
and ankles (dorsiflexion) during the landing; and (4) more
use of proximal-distal sequences to coordinate motion and
muscle activation.

Methods

Participants

Forty-four children (16 girls, 28 boys aged 3.1-8.9
y) participated in the study voluntarily (Table1). The
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participants had no known history of lower extremity
injuries. The participants were divided into four age groups:
GI1 (aged 3-4.5y), G2 (aged 4.5-6 y), G3 (aged 6-7.5 y), and
G4 (7.5-9 y). Subjects were not specialized in vertical jumps
through training (e.g., volleyball, gymnastics) but they could
participate in extracurricular activities. Children were recruited
from schools in the San Fernando Valley and service learning
programs at the university. Parents provided informed consent
to participate in the study. The Institutional Review Board at
California State University, Northridge, approved the study.

Procedure

The participants and their caregivers came to the
motor development laboratory once to carry out the whole
experimental procedure (Figure 1). Participants were asked to
change into compression shorts and a tank top and to remove
their shoes. At the start of the session, anthropometric data were
obtained, including: height, weight, leg length, and standing
vertical reach. In addition, participant’s maximal vertical jump
was also measured. Next, a trained laboratory member placed
10 wireless surface electromyography (sEMG) devices (Delsys
Incorporated, Natick, MA, USA) on participants after their skin
was cleaned and abraded with an alcohol solution. SEMG was
placed and recorded on both sides of the body for gastrocnemius
(G), tibialis anterior (T), quadriceps (Q), hamstrings (H), and
erector spinae (E), following the SENIAM guidelines (Hermens
et al, 1999) (Figure 2A). In addition, 15 reflective markers
were placed on the following anatomical landmarks: center
of the forehead, base of the skull, cervical vertebrae 7 (C7),
and on both sides for the acromion, lateral epicondyle of the
humerus, greater trochanter, lateral side of the knee, lateral
malleolus, and the fifth metatarsal (Figure 2A). Afterwards,
participants performed the landing task consisting on landing
from a monkey bar (Figure 2B). The individual bar height was
determined following Rosales et al. (2018). For safety reasons,
the individual bar height was tested for each child using few
assisted drops before data collection. One of the researchers
lifted the participants helping them to steadily hang on the
bar at the start of each trial. Participants performed 20 trials
of the landing task, where they were asked to land onto 2
force plates (Kistler, Winterthur, Switzerland) (Figure 2B); one
foot on each force plate. Trials were executed in four different
landing conditions. On one of the conditions, participants were
totally aware of what they had to do upon landing (predictable
response, P), while for the other three conditions participants
had to respond to a light cue (stop light, light at their left,
or light at their right side) lit by the force plates upon initial
contact when landing (unpredictable response, U). Therefore,
the four conditions were: a predictable response condition
were participants had to land on their feet and remain stable
and stationary (PS); an unpredictable response condition were
participants had to land on their feet and remain stable and
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SD

Group4 (N=13;99)

Mean

SD

Group 3 (N=10;179)

Mean

SD

Group 2 (N=10;479)

Mean

SD

Group 1 (N=11;39)

Mean

TABLE 1 General characteristics of the sample.
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0.49 5.31 0.33 6.70 0.33 8.42 0.32

3.95

Age (years)

6.91 112.93 4.58 124.30 7.03 130.45 5.12

102.51

Height (cm)

2.45 20.06 3.23 25.69 4.78 27.49 4.10

16.18

Weight (kg)

4.07 50.26 2.63 55.95 5.36 60.07 3.05

42.44

Leg lenght (cm)

9.34 141.92 5.77 157.72 11.37 167.54 7.93

124.76

Reach height (cm)

158.77 6.02 179.32 15.38 191.79 11.12

12.00

133.59

Maximum vertical jump (cm)

15.55 168.40 6.36 189.52 15.76 201.27 10.15

145.59

Bar height used (cm)

female birth sex.

Q
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stationary (US); and two unpredictable response conditions
were participants had to land and then run toward the light
located to their left (UL) or right (UR) side. Each participant
performed 5 trials of each condition, always starting with 5
non-randomized PS trials and, afterwards, performing the
following 15 trials of the rest of the conditions presented in
random order. For the PS and US trials, participants were
instructed to “land and remain as still as possible for 5 s (if you
see the stop light, for US)”, while for the UL and UR trials,
participants were instructed to “land and run as fast as possible
toward the lit light”. When a trial was considered not valid
because participants dropped before the Go signal or because
participants landed with both feet touching one force plate, an
additional trial of that condition was performed. At least 2 min
rests were provided every 5-trial set.

Data collection

Kinematic data were captured at 100 Hz using a ten-camera
Qualisys 3D motion analysis system (Qualysis AB, Goteborg,
Sweden) (Figure 2B). Prior to data collection, the motion
analysis system was calibrated according to the manufacturer’s
recommendations. The two force plates, embedded into the
floor, were employed to capture ground reaction forces at
a sampling frequency of 2,000 Hz. The muscle activity was
recorded with 10 wireless Trigno Delsys sSEMG sensors with the
following characteristics: sampling frequency 1926 Hz, CMRR
>110 dB at 50/60 Hz, gain: 1.000, bandwidth: 10-500 Hz, and
bipolar surface Ag/AgCl disc electrodes (diameter: 0.8 cm, inter-
electrode distance: 2cm). Force plate and sEMG data were
collected and synchronized along with the 3D motion analysis
system through the specialized plug-ins and hardware of the
Qualisys motion analysis system (Figure 2C).

Data analysis

The objective of a successful land is to absorb the kinetic
energy of the body, while refrain the lower extremity from
collapsing under the force and to maintain balance and stability
(Mckinley and Pedotti, 1992; Haywood and Getchell, 2014;
Christoforidou et al., 2017). Most of the previous studies have
divided landing in: (a) flight phase, which usually starts when
the center of mass begin to descend and ends just prior to
touch-down (also called impact); (b) pre-impact, a time window
included in the flight phase typically defined from 100 ms prior
to impact; (c) impact, as the instant of time of touch-down;
(d) post-impact, a time window typically defined from impact
to 100 ms later; and (e) braking phase, which starts the time
from impact to maximum knee flexion and includes the post-
impact window. Each of these divisions contributes differently
to better understand changes of the motor strategies to a more
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PARTICIPANTS
1 2
SET UP PREPARATION » CHARACTERIZATION ‘ SET UP PREPARATION » DATA COLLECTION
A 4 4 9 9

5 trials with predictable
response: remain

Anthropometric measures

(height, weight, leg length, Wireless sSEMG devices

3D motion analysis system

calibration standing vertival reach) PlEETEN! stable and stationary
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Maximal vertical jump .
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M 5 trials: i bl
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to individual characteristics .
5 trials: run to left
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FIGURE 1
Flow chart of the experimental procedure.
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FIGURE 2

Schematic illustration of the experimental setup: (A) sketch of the reflective markers and the wireless surface electromyography (SEMG) devices
disposition on participants; (B) infrared cameras to capture 3D motion data (2), two force plates (2), adjustable high bar (3), and light cues to
respond during unpredictable response trials (4); and (C) flow chart of the 3D motion data from sEMG, force plate, and infrared cameras data
synchronized through the specialized plug-ins and hardware of the Qualisys motion analysis system.
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mature landing execution. For example, the muscle activation
before impact is critical to study anticipatory actions to face
the impact, while the periods after impact allow us to focus
on how muscle activation patterns and multi-joint movement
coordination reduce the rates of loading until equilibrium
is reached (Mckinley and Pedotti, 1992; Liebermann, 2008;
McNitt-Gray, 2016).

Data analysis was performed with custom made Python
scripts (Python Software Foundation) and in Labwindows
CVI12010 (National Instruments, Austin, TX, USA) for the
Kinematics, force plates, and SEMG data. A modified algorithm
for detecting SEMG onset/offset following Jubany and Angulo-
Barroso (2016) was also used for the sSEMG data analysis.

Kinematics data were filtered with a recursive low-pass 4th-
order Butterworth filter with a cut-off frequency of 6 Hz. From
filtered kinematics data, vertical velocities of the C7, right elbow,
and left elbow markers were computed. In addition, bilateral hip,
knee, and ankle angular positions and angular velocities were
also calculated. The impact event identified though the analysis
of the force plates data (see impact event definition in the next
paragraph) was set as zero on the timeline. Two additional events
were identified though the kinematics data: the let-go event
and the braking offset event (BO). Let-go was characterized
as the latest time-point where a 2% of the maximum negative
vertical velocity was obtained for the C7, right elbow, or left
elbow markers at the start of their descending trajectory after the
participants released the bar. The BO was defined as the latest
time-point where the maximum right or left knee flexion (i.e.,
minimum knee angle) was obtained within a time window of a
maximum of 350 ms after the impact event. These three events
were used to define the flight phase (FP, from let-go event to
impact event) and the braking phase (BP, from impact event to
BO) which were used in the subsequent analyses. See Figure 3
for a graphical example where events and phases are identified.

Raw vertical force plate data were used to identify the
following events. Impact (Imp) was defined as the earliest time-
point were one of the two plates reached a vertical force of 10N
or greater. Afterwards, two peaks were identified in the vertical
force registry of each plate: first peak after impact event (P1) and
maximum peak force after the first peak (P2).

Surface EMG was filtered using a recursive 4th-order band-
pass Butterworth filter with 20-500 Hz cut-off frequencies. The
impact event (Imp) defined through force plates data was used
to label as time 0 and was transferred to all SEMG channels.
The sEMG baseline signal for each muscle was taken as the
lowest mean value (200 ms window) found across all valid trials
for each participant when the participant was hanging from the
bar (i.e., before the let-go event defined using kinematic data).
Burst onsets and offsets were detected during the 300 ms prior
and 500 ms after to impact event. This detection involved two
steps: (1) an initial detection process identifying potential burst
segments; and (2) a final onset and offset definition of the true
bursts (see Figure 4 for more in depth explanation).
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After individual muscle bursts were identified, two co-
contraction burst pairs were defined; one between the tibialis
anterior (T) and gastrocnemius (G) and the other between
quadriceps (Q) and hamstrings (H). A co-contraction burst was
identified when simultaneous activity bursts were previously
identified for both muscles. For sSEMG variables only, and in
addition to the already defined flight and braking phases, two
100 ms time-windows were defined around impact: pre-impact
(—100 to 0 ms) and post-impact (0 to +100 ms).

Variables

Kinematic variables and flexion timing pattern

Kinematic variables were computed during the BP for
each valid trial. They were calculated as the mean of the
values extracted from the right and left side joint angle
(full extension 0°) and angular velocities data: maximum
hip and knee flexion and ankle dorsi-flexion angle defined
as the maximum angle (OHip_max> OKne_max> and Oxnk max
respectively); range of motion defined as the difference between
the maximum and minimum joint angles (OHip_max—min
OKne_max—min> a1d OAnk max—min); time of maximum flexion
angle for the hip (t0Hip_max), knee (t0Kkne max) and ankle
(t9Ank_max); maximum flexion velocity for the hip (wHip_max)>
knee (wKne_max)> and ankle (@opk max)- Additionally, the time
of the maximum flexion angles (t0Hip_max> t0Kne_max, and
t9Ank max) Were utilized to characterize the joint flexion timing
pattern of the lower limb. Patterns where typified as: Distal
(Dis_kinPattern) when the ankle dorsiflexion preceded the knee
and hip maximum flexions (distal to proximal flexion), Proximal
(Pro_kinPattern) when the hip maximum flexion preceded the
knee and ankle maximum flexion (proximal to distal flexion),
Mixed (Mix_kinPattern) when in the sequence the maximum
knee flexion is the last to occur (e.g., ankle < hip < knee), and
Other (Oth_kinPattern) for any other possible combinations
(e.g., ankle = Knee < hip).

Kinetic variables

Kinetic variables were computed using vertical force data
and after defining Imp, P1, P2, and BO (the latter defined
through the kinematics data) on each side (right and left). All
variables extracted from the force data registry characterized the
BP of each valid trial and they were calculated as the mean of
both sides and body weight was used to normalize force values
and calculations from them. The following dependent variables
were obtained: force value at peak one (Fpp), force value at
peak two (Fpy), time of peak two (tFpy), impulse from impact
to peak two (Irmp—p2), and impulse from impact to braking
offset (IImp—BO)'
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FIGURE 3
Example of kinematics and kinetics data with identification of the main events, phases, and windows utilized for the data analysis. Three events
were characterized: (a) Let-go event, marking the instant of the bar release and defined from the vertical velocity of the C7, Right elbow, and
Left elbow markers (gray vertical line); (b) Braking offset event, representing the end of the impact absorption and characterized through the
knee angular position (red vertical line); and (c) Impact event, indicating the initial contact with the floor and identified using the vertical force
data from the force plates (black vertical line). Two phases were defined from these events: the Flight phase, comprised between the Let-go and
Impact events; and the Braking phase, comprised between the Impact and Braking offset events. In addition, a Pre-impact (gray shadowed area)
and Post-impact (red shadowed area) 100 ms windows were defined around the Impact event.

Muscle activity variables and muscle patterns
response to the impact

Regarding the sEMG variables, percentage of active time
(muscle % activity = time of burst activity within phase or
window/total phase duration * 100) of each muscle (E, G, H, Q,
and T) was computed for the FP and the pre-impact window
(Pre). In addition, % activity of co-contracting muscles pairs
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(T-G and Q-H) was computed for the post-impact window
(Pos) and the BP (pair % co-contracting activity = time of
co-contraction activity within phase or window/total phase
duration * 100). Means of both sides (right and left) for each
valid trial were calculated to define the muscle activity (E_%pp,
E_%pre, G_%Fp, G_%pre, H_%pp, H_%pre, Q_%Fp, Q_%Ppre,
T_%prp, T_%pre,) and the co-contraction activity variables
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EMG (uV)

FIGURE 4

Time (ms)

Example of a SEMG burst detection procedure with 300 ms prior to impact and 500 ms after impact. This detection involved two steps: (1) an
initial detection identifying the continuous data that were higher than the mean plus 8 SD of the baseline values for at least 1.55 ms (3 data
points) which yielded a temporary definition of the burst segment duration and its corresponding temporary onset and offset burst points (in
yellow); and (2) a final onset and offset definition of the burst where burst onset and offset were redefined calculating the mean of a backwards
or forward, respectively, running window (4.15 ms = 8 data points) around the temporary burst points defined in the first step and establishing
the earliest or latest data point, respectively, at which the window mean was higher than the baseline mean plus 1 SD (in green). All data
between the final burst onset and the final burst offset were considered as one sSEMG burst. The rest of the data points were considered to be at
baseline level (in red). The vertical blue line indicates the impact event (Imp).

(Q-H_%pgp, Q-H_%pos, T-G_%pp, T-G_%pys). On the other
hand, anticipatory or reactive muscle activity to impact was
characterized identifying the occurrence of impact and post-
impact bursts. Impact bursts were defined as those muscle
bursts that started at least 40 ms before impact and lasted,
at least, 40 ms after impact. Post-impact bursts were defined
as the first activity burst that started 40 ms after the impact
or later and that lasted 80 ms or more. Impact bursts were
used to compute the percentage of occurrence of an impact
activity burst (%Bymp) along the five trials of each condition
(E_%Blmpa G_%Bimp, H_%Bimp, Q_%Bimp, and T_%B[mp).
The start-time of those impact bursts (tBymp) was also obtained
for each trial and muscle. The mean between the tBymp of
both sides (right and left) in each trial were used to calculate
E_tBimp, G_tBimp, H_tBimp, Q_tBimp, and T_tBimp. Finally,
the start-times of the impact and post impact bursts were used
to examine which first two muscles initiated their activation in
response to the impact. If an impact burst was not found for a
muscle, the post-impact burst was used instead. Based on the
first two activated muscles, six muscle activation onset patterns
where typified: distal (Dis_EMGPattern) when G and T were
the two first muscles activated; proximal (Pro_EMGPattern)
when H and Q were the two first muscles activated; mixed
anterior (Mixapnte_ EMGPattern) when Q and T were the two
first muscles activated; mixed posterior (Mixpost_ EMGPattern)
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when G and H were the two first muscles activated; and
mixed crossed (Mixcros EMGPattern) when H and T or
G and Q are the two first muscles activated, and other
(Oth_EMGPattern) any other possible combinations when E
was activated.

Statistical analysis

General lineal mixed model with repeated measures in each
variable were conducted to assess the trial effect, except for
the percentage of impact activity burst occurrence variables
(E_%Bimp> G_%Bimp, H_%Bimp, Q_%Bimp, and T_%Bimp)
which were calculated using the five trials of each condition.
General lineal mixed model were applied because non-normal
distribution of data was detected with Shapiro-Wilks tests and
missing measurements appeared in some participants’ trials
(Bolker et al., 2009; Harrison et al., 2018). Two models were
calculated, the first where children were included as a random
factor while trial, condition, and age group were introduced
as fixed factors. In the second model, no random factors were
included. The model without random factors demonstrated
better fit after checking the Bayesian Information Criteria. This
model showed no significant trial effect in 59 out of 66 variables.
Given that mostly no significance trial effects were found,
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individual means for each variable were calculated across the five
trials for each condition (P, US, UL, UR).

Five MANOVAs with repeated measures (4 Age groups x 4
Conditions) were used to evaluate age and condition effects and
interactions on kinematics, kinetics, flight phase sSEMG, braking
phase sEMG, and burst occurrence variables. Due to different
sample size of the impact bursts start-time of each muscle,
age-group and condition effects were assessed using ANOVAs
with repeated measures (4 Age groups x 4 Conditions) for each
variable (E_tBimp, G_tBimp, H_tBimp, Q_tBimp, and T_tBypmp).
Potential Type I error was controlled adjusting p values
from univariate ANOVAs conducting Bonferroni’s correction.
Also, sphericity-corrected values by Greenhouse-Geisser were
obtained when appropriate. Finally, pairwise comparisons with
Bonferroni correction were used to establish differences between
age-groups and conditions. The effect size was measured by
partial eta squared (small effect size: n?p < 0.010; medium effect
size: n2p < 0.059; large effect size: n%p < 0.138).

Chi-square contingency tables were computed to evaluate
the effect of the age and the conditions in the joint flexion
timing pattern and muscle activation onset pattern responses to
the impact. Bonferroni correction was applied to adjust z test
calculation for each row.

Statistical significance of all tests was set at the p < 0.05
level and only statistically significant results were reported. All
statistical tests were performed with SPSS PASW Statistics 21
software (SPSS, Inc., Chicago, IL, USA).

Results

Kinematics, kinetics, flight phase sEMG, braking phase
sEMG, and burst occurrence variables were compared by
MANOVAs with age-group as a between factor and the
four task conditions as within factor. Results from these
MANOVAs showed significant Group main effects on the
kinematics, the kinetics, and the flight phase sEMG variables
(Table 2). No significant Condition main effects or Group
x Condition interactions were found. Subsequent one-way
ANOVAs from MANOVAs that presented Group main
effects revealed significant differences in four kinematic
variables  (BAnk max> OKne_max—min> OAnk max—min> and
®Ank max) and three flight phase SEMG variables (G_%pp,
H_%¥p, and T_%pgp) (Table 2). On the other hand, ANOVAs
conducted on muscle impact bursts start-time showed
significant Group and Condition main effects on G_tBymp
and H_tBymp but a significant interaction only was
found in H_tBymp (Table 3). Finally, joint flexion timing
pattern and muscle activation onset pattern responses to
the impact yielded statistically significant differences by
group when chi-square contingency tables were computed
(Tables 4, 5).
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TABLE 2 Significant main effects and Group x Condition interactions: MANOVAs in bold-italicized and subsequent ANOVAs significant results.

Homogeneous subsets

Power Pairwise

n%p

daf

Main effect or

Variable name

Variable group

comparisons

interaction

0.981

0.39
0.201 0.031

0.039

3,39
3,39
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3.280
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3.38
2.306
1.873
3.173
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OAnk_max»> ankle maximum angle (i.e., maximum flexion); Oxpe
G3, group 3 (aged 6-7.5 years); G4, group 4 (aged 7.5-9 years).
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TABLE 3 Significant main effects and Group x Condition interactions ANOVAs for sEMG burst variables.

2

Variable Main effect or interaction F df 4 n°p Power Pairwise comparisons
G_tBmp Group 4516 3,39 0.046 0.184 0.651 -

Condition 2.926 3,39 0.005 0.104 0.874 PS < UR
H_tByyp Group 3.157 3,39 0.035 0.195 0.688 Gl <G4

Condition 5.582 3,39 0.003 0.125 0.898 PS < UL

Group x Condition 2.569 3,39 0.016 0.165 0.881 US: Gl < G3,G4

G3: PS < UL, UR, US

G_tByp, start-time of the gastrocnemius impact burst; H_tBypy, start-time of the hamstrings impact burst; G1, group 1(aged 3-4.5 years); G2, group 2 (aged 4.5-6 years); G3, group 3 (aged
6-7.5 years); G4, group 4 (aged 7.5-9 years); PS, predictable landing response condition were participants had to land on their feet and remain stable and stationary; UL, unpredictable
landing response condition were participants had to land on their feet and then run toward the light located to their left; UR, unpredictable landing response condition were participants
had to land on their feet and then run toward the light located to their right; US, unpredictable landing response condition were participants had to land on their feet and remain stable

and stationary.

TABLE 4 Chi square contingency table for joint flexion timing pattern variables.

Variable Group Dis_kinPattern Pro_kinPattern Mix_kinPattern Oth_kinPattern X2 P
n (%) n (%) n (%) n (%)
Flexion timing patterns 47.24 <0.001
Gl 167 (75.2) 3(14) 16 (7.2) 36 (16.2)
G2 157 (78.5) 2(1.0) 25(12.5) 16 (8.0)
G3 131 (65.8)* 3(1.5) 42 (21.1)* 23 (11.6)
G4 224 (85.5)* 1(0.4) 12 (4.6)* 25(9.5)

Dis_kinPattern, the ankle dorsiflexion preceded the knee and hip maximum flexions (distal to proximal flexion); Pro_kinPattern, the hip maximum flexion preceded the knee and ankle

maximum flexion (proximal to distal flexion); Mix_kinPattern, when in the sequence the maximum knee flexion is the last to occur; Oth_kinPattern, other possible combinations; G1,
group 1 (aged 3-4.5 years); G2, group 2 (aged 4.5-6 years); G3, group 3 (aged 6-7.5 years); G4, group 4 (aged 7.5-9 years).

*Indicates significant post-hoc result after Bonferroni correction.

Kinematic variables and flexion timing
pattern

ANOVAs and their post-hoc showed differences between the
third age group (G3) and the younger groups (Gl and G2),
especially in the ankle motion variables (Table 2 and Figure 5).
Concretely, the G3 performed larger ankle dorsi-flexion range
of motion (0Ank max—min) compared to G2 by achieving lower
values of maximum ankle dorsi-flexion (64pk max). On the
other hand, the youngest group (G1) performed the ankle dorsi-
flexion range slower and flexed less the knee than G3. The
differences presented and the homogeneous subsets created
statistically by the MANOVA (Table 2) indicated that younger
groups (G1, G2) performed drop-landings similarly to each
other, but differently to the older groups (G3 and G4) which
shared similarities but to a lesser extent.

Regarding the joint flexion timing pattern, all groups
performed the drop-landings mainly with a distal sequence
(Dis_kinPattern), specially the oldest group (G4) who showed
the highest frequency (Table 4). Interestingly, G3 showed the
lowest frequency using the distal sequence (Dis_kinPattern)
while they executed the mixed pattern (Mix_kinPattern) more
often (Figure 5).
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Kinetic variables

Despite MANOVA results showed significant group main
effect in the kinetic variables, no significant differences
were found between groups when subsequent ANOVAs were
conducted (Figure 6).

Muscle activity variables and muscle
patterns response to the impact

ANOVAs and the post-hoc conducted on flight phase SEMG
variables showed that the youngest group (G1) activated for
more of the FP their hamstrings (H_%pp) than the older groups
(G3 and G4) and their tiabialis anterior (T_%gp) than G4
(Table 2 and Figure 7). No pairwise differences were shown
by the post-hoc analyses for the gastrocnemius percentage of
activation during flight (G_%gp) although a group main effect
was found by the ANOVA (Table 2 and Figure 7).

Regarding the muscle impact bursts start-time, ANOVAs
yielded significant differences between groups for the
gastrocnemius and hamstrings but post-hoc comparisons
only showed an earlier hamstring burst performance by younger
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TABLE 5 Chi square contingency table for muscle patterns in response to the impact event.

Variable Group Dis_EMG Pro_EMG Mixapte. EMG Mixpost EMG Mixcros. EMG Oth_EMG 2 p
Pattern Pattern Pattern Pattern Pattern Pattern
n (%) n (%) n (%) n (%) n (%) n (%)
Muscle 119.02 <0.001
patterns Gl 96 (43.2) 0(0.0) 8 (3.6) 53 (23.9)* 51 (23.0)* 14 (6.3)
response to G2 59 (29.5)* 3(L5) 34 (17.0)* 12 (6.0)* 69 (34.5) 23 (11.5)
impact G3 93 (46.7) 1(0.5) 10 (5.0) 17 (8.5) 70 (35.2) 8 (4.0)
G4 103 (39.3) 2(0.8) 11 (4.2) 41 (15.6) 88 (33.6) 17 (6.5)

Dis_EMGPattern, gastrocnemius and tibialis anterior were the two first muscles activated; Pro_kinPattern, hamstrings and quadriceps were the two first muscles activated;
Mixante_ EMGPattern, quadriceps and tibialis anterior were the two first muscles activated; Mixpos,_ EMGPattern, gastrocnemius and hamstrings were the two first muscles activated;
Mixcros_ EMGPattern, hamstrings and tibialis anterior or gastrocnemius and quadriceps are the two first muscles activated; Oth_EMGPattern, other possible combinations when erector
spinae was activated; G1, group 1 (aged 3-4.5 years); G2, group 2 (aged 4.5-6 years); G3, group 3 (aged 6-7.5 years); G4, group 4 (aged 7.5-9 years).

“Indicates significant post-hoc result after Bonferroni correction.

®Ank_max ®Ank_max-min ®Ank_max
*
120 70 * 2500
’a *
100 60 E
5 80 5 50 S 2000
7] @ B
T 3 40 £ 1500
= 60 % 3
=) @ 30 °
<=t 40 5: 5 S 1000
S
K]
20 10 §, 500
0 0 < 0
G1 G2 G3 G4 G1 G2 G3 G4 G1 G2 G3 G4
Q) : . .
Kne_max-min Kinematic Patterns
100 *
80
o
T 60
K
@ 40 B Dis_kinPattern
< 5 1 Pro_kinPattern
Mix_kinPattern
0 Oth_kinPattern
G1 G2 G3 G4 0 20 40 60 80 100
% of occurrence
FIGURE 5

Significant Group main effects of kinematic variables and occurrence of the kinematic patterns. Mean and standard deviations of the kinematic
variables and percentage of occurrences of the kinematic patterns were plotted by group. G1, group 1 (aged 3-4.5 years); G2, group 2 (aged
4.5-6 years); G3, group 3 (aged 6-7.5 years); G4, group 4 (aged 7.5-9 years); Hank_max. ankle maximum angle (i.e., maximum flexion);
Okne_max—min. Knee flexion range of motion; Hank_max—min. ankle dorsi-flexion range of motion; wank_max. ankle maximum angular velocity (i.e.,
maximum flexion velocity); Dis_kinPattern, the ankle dorsiflexion preceded the knee and hip maximum flexions (distal to proximal flexion);
Pro_kinPattern, the hip maximum flexion preceded the knee and ankle maximum flexion (proximal to distal flexion); Mix_kinPattern, when in the
sequence the maximum knee flexion is the last to occur; Oth_kinPattern, other possible combinations. Asterisks (*) represent significant
differences in the post-hoc analyses.

group (G1) in contrast to the oldest (G4) (Table 3 and Figure 8). (UR and UL, respectively) (Table 3 and Figure 8). A Group and
In addition, gastrocnemius and hamstrings impact burst Condition interaction was also found for H_tBymp (Table 3)
start-times during drop-landings with predictable response showing that for the US drop-landings the youngest group (G1)
(PS) were significantly earlier than unpredictable responses initiate the hamstring burst earlier than older groups (G3 and
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Group means and standard deviations of the kinetic variables. Despite a significant MANOVA Group effect for the kinetic parameters, no
significant main group effects were found in the subsequent ANOVAs. G1, group 1 (aged 3-4.5 years); G2, group 2 (aged 4.5-6 years); G3,
group 3 (aged 6-7.5 years); G4, group 4 (aged 7.5-9 years); Fpy, force value at peak one; Fp,, force value at peak two; tFp,, time of peak two;
limp—p2, impulse from impact to peak two; and limp_go, impulse from impact to braking offset.
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Significant Group main effects of SEMG variables. Mean and standard deviations were plotted by group. G1, group 1 (aged 3—-4.5 years); G2,
group 2 (aged 4.5-6 years); G3, group 3 (aged 6—7.5 years); G4, group 4 (aged 7.5-9 years); G_%gp, Gastrocnemius percentage of activation
during the flight phase; H_%gp, Hamstrings percentage of activation during the flight phase; T_%gp, Tibialis anterior percentage of activation

during the flight phase. Asterisks (*) represent significant differences in the post-hoc analyses.

G4) (Table 3 and Figure 8) and that G3 activated earlier the

frequent sequence used differed across groups (Table5).

hamstrings during the impact of the predictable drop-landings Thereby, older groups (G3 and G4) showed higher
(PS) than the non-predictable trials (UL, UR, and US) (Table 3 frequencies performing  mixed  crossed  sequences
and Figure 8). (Mixcro_EMGPattern) while Gl and G2  presented

Regarding the muscle patterns response to the higher frequency of the mixed anterior sequence
impact, the distal sequence (Dis_EMGPattern) was (Mixpnt_EMGPattern) and the mixed posterior sequence
mostly used by all groups but the second most (Mixpo,s_ EMGPattern), respectively.
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Significant Group x Condition interaction effects of the sSEMG variables and occurrence of the muscle patterns in response to the impact event.
Mean and standard deviations were plotted by condition and group and percentage of occurrences of the muscle patterns were plotted by
group. G1, group 1 (aged 3-4.5 years); G2, group 2 (aged 4.5-6 years); G3, group 3 (aged 6-7.5 years); G4, group 4 (aged 7.5-9 years); G_tBjmp,
start-time of the gastrocnemius impact burst; H_tBmp, start-time of the hamstrings impact burst; PS, predictable stay condition; UL,
unpredictable left condition; UR, unpredictable right condition; US, unpredictable stay condition; Dis_EMGPattern, gastrocnemius and tibialis
anterior were the two first muscles activated; Pro_kinPattern, hamstrings and quadriceps were the two first muscles activated;

Mixante _EMGPattern, quadriceps and tibialis anterior were the two first muscles activated; Mixpost_EMGPattern, gastrocnemius and hamstrings
were the two first muscles activated; Mixc,os_EMGPattern, hamstrings and tibialis anterior or gastrocnemius and quadriceps are the two first

differences in the post-hoc analyses.

muscles activated; Oth_EMGPattern, other possible combinations when erector spinae was activated. Asterisks (*) represent significant

Discussion

This multi-variant study explored how young children
modified their motor strategies to drop and land across
age (from 3 to 9 years) and the possible effect of landing
followed by an unexpected or an expected action. Our results
indicated that younger children (G1: 3-4.5 and G2: 4.5-
6 years) seemed to modulate differently their drop-landing
strategies but with similar effectiveness than the older groups
(G3: 6-7.5 and G4: 7.5-9 years). In addition, children did
not generally modify their drop-landing strategies to adapt
them to unexpected or expected follow-up actions. These
results only partially supported our hypothesis that less flexion
would have been performed by the youngest children during
the landing. Nonetheless, our study provided new evidence
to the scarce literature on how landing develops during
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kindergarten and primary school ages using an ecological
task design.

During the FP and preparing for the impact, the youngest
children (G1) showed longer muscle activity of the tibialis
anterior (ankle dorsi-flexor) and hamstrings (knee flexor, hip
extensor) than older children (both muscles for G3, only
hamstrings for G4) and earlier start of the hamstrings’ impact
burst than the oldest group (G4). It is proposed that muscle
activation before touchdown plays a major role on the individual
landing strategy. An anticipatory strategy usually presented
by less experienced performers is to increase joint stiffness
by increasing the antagonist muscle activity before impact
(Liebermann, 2008; Wild et al., 2009; Christoforidou et al.,
2017). Previous studies showed hamstrings activity in pre-
pubescents [8-10 years in Russell et al. (2007); 7-8 years in
Wild et al. (2009)] and an increase of the tibialis anterior activity
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in untrained girls (9-12 years) (Christoforidou et al., 2017) to
prepare the landing. Our results seemed to indicate that the
youngest children pre-activated the antagonist muscles for a
longer time likely to increase joint stiffness, especially the knee,
and increase passive absorption of kinetic energy.

In addition, these longer and earlier antagonist muscle
activities previous to impact observed in the youngest children
could also indicate differences in the learning of the control
mode of the landing task. Upon landing, the onset and duration
of the voluntary muscle activity seems to be mainly planned
using a feedforward mode of control, which estimates the
instant of impact based on the height of fall and/or the time
of flight (Santello, 2005; Liebermann, 2008). Learning of this
feedforward mode of control should be influenced by age and
experience (Schmitz et al., 2002; Croce et al., 2004; Quatman
et al., 2006; Lazaridis et al., 2010; Christoforidou et al., 2017). In
fact, untrained pre-pubescent girls (9-12 years) showed shorter
muscle pre-activation compared to gymnasts when exposed to
increasing drop heights, which was considered as indicative of a
worst estimation of the instant of impact and its consequences.
Also, Rosales et al. (2018) reported that typically developing
children between 3 and 4.5 years presented longer muscle bursts
in comparison to children with autism spectrum disorder of the
same age indicating a poor feedforward control of this last group.
In our study, the height of the monkey bar was established for
each child based on individual’s anthropometrics and vertical
jump ability (Rosales et al., 2018) and was constant across trials.
Given that the height of fall was related to the height of jumps
capability, it is possible that children from 4.5 years had a
similar refinement of the feedforward control mode but not
the youngest children (3.5-4.5 years) who had an underlearned
control mode, characterized by earlier and longer antagonistic
activation of hamstrings in comparison to the older groups.
However, to properly study the consequences of the time to
impact estimation and the feedforward control learning across
ages, future studies changing the height of the bar relative to the
anthropometrics characteristics and the vertical jump ability of
the child are needed.

Regarding muscle coordination, time patterns of the muscle
activation analyzed in this study yielded that the distal sequence
was the most used for all age groups, while the proximal
sequence did almost not occur. Interestingly, age-groups differed
in their second most frequent sequences pointing out that
children across age did not always activate muscles in the same
sequence to prepare the landing. Concretely, children between
3-4.5 years relied more on performing sequences where anterior
muscles of the leg (tibialis anterior and quadriceps) were the
first muscles activated, while posterior muscles (gastrocnemius
and hamstrings) were the two first muscles activated by children
between 4.5-6 years. On the other hand, older groups (children
>6 years) showed sequences where anterior and posterior
muscle activations were mixed as their second most frequent
muscle activity sequence. These results seemed to be partially
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in agreement with Jensen et al. (1994) hypothesis that timing
relationship is more related to task demands (i.e., jump and
land in their article) than performer skills obtained by age
and/or experience. However, using a sequence where anterior
or posterior muscles are the first muscles activated could be
related to the estimated postural position at impact. This seemed
to be clearer for the youngest children group who appeared
to estimate impact with a posteriorized posture and thus they
activated first the anterior leg muscles, or the second younger
group, whom estimated an anteriorized posture and activated
posterior leg muscles. Therefore, timing of the muscle activation
would be related to task demands but also to estimation of the
impact posture.

In general, no differences were found in the FP as a
consequence of the knowledge or not of the task to do after
landing, except for children between 6 and 7.5 years that
showed earlier activation of the hamstring for the predictable
response after landing trials in comparison to the non-
predictable response trials. We did not expect differences
between conditions when preparing the landing because cues
to respond were activated after touching the force plates. In
addition, previous studies in children (Rosales et al., 2018) and
adults (Yom et al,, 2019) using similar experimental conditions
indicated that participants did not modify their flight phase
regardless of the task to perform after landing. Surprisingly,
G3 pre-activated earlier the hamstrings when they were aware
that they had to remain stable and stationary after landing. It
could be that to ensure the achievement of the task they further
anticipated the time onset of the agonistic muscle activity and in
consequence the stiffness of the knee.

After the impact, no differences in the muscle co-activity
were observed across age groups but results seemed to indicate
that younger children moved differently. The younger groups
performed the absorption of the impact with less angular
displacement and slower angular velocities in comparison to
G3. In concrete, children between 3 and 4.5 years flexed less
the knees and exhibited slower ankle dorsi-flexion during the
braking phase, while smaller ankle dorsi-flexion and ankle range
of motion was observed for the children between 4.5 and 6
years. It is suggested that a more efficient and mature landing
performer will use multi-joint flexion of the leg and trunk to
increase the duration of the post-landing period (corresponding
to our braking phase) and then actively dissipate kinetic energy
within a longer time period (McKay et al., 2005; Liebermann,
2008; Estevan et al., 2020). Our results are consistent with studies
that proposed that less skilled children landing presented poor
control of the ankle dorsiflexion (Hinrichs et al., 1985; Mckinley
and Pedotti, 1992). In addition, results of our study appeared
to indicate that children from 4.5 years of age already used a
knee angular motion to modulate the impact effects as oldest
children did. Given that all children groups presented similar
co-contraction activity durations, it could be suggested that the
observed differences in the knee and ankle joint motion were not
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so related to the control of the muscle activation but more related
to the capacity to generate and control eccentric and explosive
forces required to brake the landing (Jensen et al., 1994; Hass
et al., 2003; Waugh et al,, 2013). On the other hand, it is fair
to notice that younger groups presented differences with the
children of 6-7.5 years but not the oldest ones (7.5-9 years).
When examining the group characteristics, the oldest group did
not present the same linear change in the maximum vertical
jump skill than the observed in the other age groups, while they
maintained a similar linear growth as the rest of the groups. This
disparity between the physical and the motor skill development
could indicate that participants included in the oldest group
were not as motor advanced as it would be for their age.

Furthermore, the analyzed time patterns of the joint motion
after landing showed that children coordinated movements
mostly using a distal sequence, while a proximal sequence
was almost not used by children. Children between 6 and 7.5
years presented the lowest frequency using the distal sequence
and highest use of timing patterns where the maximum knee
flexion was the last to occur. Also, the older group used more
frequently the distal sequence and used less the mix sequence.
Regardless of these differences, our results agreed with Jensen
et al. (1994) that mainly observed similar timing relationship of
joint motion across ages. As the authors proposed previously it is
plausible that these time patterns were related to task demands
(i.e., jump and land in their article) but not necessarily to age
and/or experience.

Despite the differences found during the flight and braking
phases, similar kinetic values were obtained by all the age-groups
demonstrating equivalent efficiency absorbing the impact. It is
recommended that when the objective is to better understand
developmental differences in landing strategies, it is critical to
consider the relative height from which participants are required
to land (task demands) (Weinhandl et al., 2015; Rosales et al.,
2018). Therefore, the design of this study took extra care to
control for the level of task demand and established the height
to fall according to the anthropometric characteristics and the
jumping ability of the child. In addition, all kinetic variables
were normalized by body weight. Considering both factors (level
of task demand adjustment and normalized values) could be
the reason why our results did not show the age differences
presented by other studies (Licbermann, 2008; Lazaridis et al.,
2010; Tida et al, 2012). We recommend to compare studies
using absolute different falling heights with caution and to
design studies with the level of the task demand adjusted by
anthropometrics and jumping ability whenever possible.

Predictable and unpredictable response after landing
conditions did not affect the motor strategies performed by
children during the BP. Similar results were reported for
children (3-4.5 years) (Rosales et al., 2018) and adults (Yom
et al,, 2019) performing the same task. Our data could indicate
that children between 3 and 9 years of age are not able to
integrate landing and a subsequent task since we found no
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significant condition effects for any age group. However, taking
into consideration that adults also presented the same behavioral
results and that it was impossible to anticipate the response to
the cue (it appeared when one foot touched the force plate), it
seems reasonable to think that children did not respond to the
unanticipated cues with a different or modified motor strategy.

Taking all together, evidences of this study could establish
the bases from which to design physical activity session to
enhance landing acquisition during childhood. We would
suggest to primarily focus on intervention exercises that help
to learn the feedforward control mode necessary to adequately
estimate the instant of impact and, also, to improve the
capacity of ankle, knee, and hips muscles to control and
generate eccentric and explosive force to actively dissipate
the kinematic energy instead of using muscle co-activity to
adopt a stick strategy. In addition, description of the motor
strategies could assist professionals to identify motor patterns of
landing in non-typical developed children populations and lead
possible interventions.

Regarding the contributions of this study to understand
how drop-landing strategies developed during childhood and
the use of relatively large sample, it has to be recognized
that results are based on a cross sectional design and, then,
no true developmental trajectories can be stablished. We
did our best creating a set up for drop-landing similar to
the one in the playgrounds; we assumed limited ecological
validity data because they were collected in an experimental
laboratory in favor of ensuring quality data. We only evaluated
the sSEMG on/off patterns and times of muscle activity
to minimize the differential effects of electrode placement,
movement artifact, and normalization technique. However,
the proper use of the sSEMG magnitude could have added
information about the muscle activity level. Coordination in
this study was assess using discrete outcome variables; a
more accurate approach to analyze how children coordinate
drop-landing would take in consideration all kinematic or
sEMG measurements trajectories as a function of time. Since
no differences in the motor strategies were found between
unpredictable and predictable conditions in drop-landing tasks
in children, it could be possible that differences appear in
the motor response to the cue with longer time response.
Studies to analyze motor response to unpredictable cues
are needed. Researchers could design them with longer
times that ensure capturing the initiation of the response
and providing new insight in whether and how children
modulate drop-landing strategies, both before and after initial
contact with the floor. Finally, we assumed symmetry between
the two legs and no sex-based differences and, maybe,
some developmental achievements to perform landing are
related to individual laterality or sex. Further researches
are needed to cover all the above limitations but also
comparisons of participants across lifespan are necessary to
support our results, to assess targeted interventions or new

frontiersin.org


https://doi.org/10.3389/fpsyg.2022.982467
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Angulo-Barroso et al.

playgrounds and kindergarten designs adapted to the youngest
children characteristics.

Conclusions

In summary, our results in young children (3-9 years)
suggest that drop-landing strategies were related to age or task
demands but not to the predictability of the task following
the land. During the FP, the youngest children (3-4.5 years)
showed longer antagonist leg muscle activity likely to increase
the joint stiffness or maybe because they had an underlearned
feedforward control mode to estimate the instant of impact.
After the impact, children between 3 and 6 years showed a
poor ankle dorsiflexion while knee flexion values were smaller
only for the youngest children. These results together with the
lack of muscle co-activity differences across age groups could
indicate a reduced capacity to control and generate the adequate
amount of eccentric and explosive force to actively dissipate the
kinematic energy. In addition, all children showed a preference
to use a distal sequence coordinating muscle activation to
prepare the impact and coordinating joint motion after the
impact, while a proximal sequence was rarely used. These timing
relationship results suggested that coordination could be related
to task demands but not to age and/or experience. On the
other hand, the differences in the second most frequent muscle
activation used during the FP could be an indication that impact
posture estimation could modulate the pre-impact muscle
coordination. Taken all results together, children between 3
and 6 years used different drop-landing strategies than older
children (6-9 years) but with similar effectiveness. The largest
differences presented by the youngest group could indicate
that a developmental critical point in landing performance
exists at 4-5 years of age. We would suggest to start targeted
practice and interventions around this age together with studies
examining the feasibility to conduct them in playgrounds and

kindergarten environments.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed
and approved by Institutional Review Board at California State

Frontiersin Psychology

16

10.3389/fpsyq.2022.982467

University, Northridge (CA, USA). Written informed consent to
participate in this study was provided by the participants’ legal
guardian/next of kin.

Author contributions

RA-B contributed with the conception of the idea, design of
the study, and the implementation of the research. JJ and RA-B
contributed by providing sSEMG burst analysis methodology
and the custom made software to implement it. AB and BF-U
contributed with the data treatment, variables calculation, and
statistical analyses. All authors contributed to data analysis and
writing of the manuscript.

Funding

This study was supported by a small grant from the
California State University, Northridge (CSUN), the Institut
Nacional d’Educaci6 Fisica de Catalunya (INEFC), Universitat
de Barcelona (UB), Faculty of Health Sciences of Manresa,
Universitat de Vic — Universitat Central de Catalunya (UVic-
UCC), Manresa, Spain, and the Grup de Recerca en Activitat
Fisica i Salut (GRAFiS, Generalitat de Catalunya 2017SGR/741).

Acknowledgments

Thank you to all of the participants and their families for
being part of the study. Also, a special thanks to the students in
the laboratory that helped with the project.

Conflict of interest

The authors declare that the research was conducted in
the absence of any commercial or financial relationships
that could be
of interest.

construed as a potential conflict

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fpsyg.2022.982467
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Angulo-Barroso et al.

References

Barber-Westin, S. D., Noyes, F. R, and Galloway, M. (2006). Jump-land
characteristics and muscle strength development in young athletes: A gender
comparison of 1140 athletes 9 to 17 years of age. Am. J. Sports Med. 34, 375-384.
doi: 10.1177/0363546505281242

Barnett, L. M., van Beurden, E., Morgan, P. J,, Brooks, L. O., and Beard, J. R.
(2009). Childhood motor skill proficiency as a predictor of adolescent physical
activity. J. Adolesc. Heal. 44, 252-259. doi: 10.1016/j.jadohealth.2008.07.004

Bolker, B. M., Brooks, M. E,, Clark, C.J., Geange, S. W., Poulsen, J. R, Stevens, M.
H. H,, et al. (2009). Generalized linear mixed models: a practical guide for ecology
and evolution. Trends Ecol. E24, 127-135. doi: 10.1016/j.tree.2008.10.008

Christoforidou, A., Patikas, D. A., Bassa, E., Paraschos, I., Lazaridis, S.,
Christoforidis, C., et al. (2017). Landing from different heights: biomechanical and
neuromuscular strategies in trained gymnasts and untrained prepubescent girls. J.
Electromyogr. Kinesiol. 32, 1-8. doi: 10.1016/j.jelekin.2016.11.003

Croce, R. V., Russell, P. J., Swartz, E. E., and Decoster, L. C. (2004). Knee
muscular response strategies differ by developmental level but not gender during
jump landing. Electromyogr. Clin. Neurophysiol. 44, 339-348.

DiStefano, L. J., Martinez, J. C., Crowley, E., Matteau, E., Kerner, M. S,
Boling, M. C,, et al. (2015). Maturation and sex differences in neuromuscular
characteristics of youth athletes. J. Strength Cond. Res. 29, 2465-2473.
doi: 10.1519/JSC.0000000000001052

Estevan, 1., Monfort-Torres, G., Farana, R., Zahradnik, D., Jandacka, D., Garcia-
Mass, 0, X., et al. (2020). Children’s single-leg landing movement capability analysis
according to the type of sport practiced. Int. J. Environ. Res. Public Health 17, 1-15.
doi: 10.3390/ijerph17176414

Fuerst, P., Gollhofer, A., and Gehring, D. (2017). Preparation time influences
ankle and knee joint control during dynamic change of direction movements. J.
Sports Sci. 35, 762-768. doi: 10.1080/02640414.2016.1189084

Harrison, X. A., Donaldson, L., Correa-Cano, M. E., Evans, J., Fisher, D. N,
Goodwin, C. E. D., et al. (2018). A brief introduction to mixed effects modelling
and multi-model inference in ecology. Peer]. 6, 4794. doi: 10.7717/peerj.4794

Hass, C. J., Schick, E. A., Chow, J. W,, Tillman, M. D., Brunt, D., Cauraugh,
J. H., et al. (2003). Lower extremity biomechanics differ in prepubescent and
postpubescent female athletes during stride jump landings. J. Appl. Biomech. 19,
139-152. doi: 10.1123/jab.19.2.139

Haywood, K. M., and Getchell, N. (2014). Life Span Motor Development 6th
Edition. Champaign, Illinois: Human Kinetics.

Hermens, H. J., Freriks, B., Merletti, R, Stegeman, D., Blok, J., Rau, G., et al.
(1999). European recommendations for surface electromyography. Roessingh Res.
Dev. 8, 13-54.

Hinrichs, R. N., Werner, P. H., Rink, J. E., Jackman, T. W., and Josephs, R. A.
(1985). Impact forces upon landing from a height in children. J. Biomech. 18, 232.
doi: 10.1016/0021-9290(85)90233-7

lida, Y., Kanehisa, H., Inaba, Y., and Nakazawa, K. (2012). Role of the
coordinated activities of trunk and lower limb muscles during the landing-to-jump
movement. Eur. J. Appl. Physiol. 112, 2223-2232. doi: 10.1007/s00421-011-2199-2

Jensen, J. L., Phillips, S.J., and Clark, J. E. (1994). For young jumpers, differences
are in the movements control, not its coordination. Res. Q. Exerc. Sport 65,
258-268. doi: 10.1080/02701367.1994.10607627

Jubany, J., and Angulo-Barroso, R. (2016). An algorithm for detecting EMG
onset/offset in trunk muscles during a reaction- stabilization test. J. Back
Musculoskelet. Rehabil. 29, 219-230. doi: 10.3233/BMR-150617

Kim, K. W,, and Lim, B. O. (2014). Effects of menarcheal age on the
anterior cruciate ligament injury risk factors during single-legged drop landing
in female artistic elite gymnasts. Arch. Orthop. Trauma Surg. 134, 1565-1571.
doi: 10.1007/s00402-014-2055-z

Koo, D., Pathak, P., Moon, J., and Panday, S. B. (2022). Analysis of the
relationship between muscular strength and joint stiffness in children with
Down syndrome during drop landing. Technol. Heal. Care 30, S383-S390.
doi: 10.3233/THC-THC228035

Larkin, D., and Parker, H. E. (1998). Teaching landing to children with and
without developmental coordination disorder. Pediatr. Excercise Sci. 10, 123-136.
doi: 10.1123/pes.10.2.123

Lazaridis, S., Bassa, E., Patikas, D., Giakas, G., Gollhofer, A., Kotzamanidis,
C., et al. (2010). Neuromuscular differences between prepubescents boys
and adult men during drop jump. Eur. J. Appl. Physiol. 110, 67-74.
doi: 10.1007/s00421-010-1452-4

Frontiersin Psychology

10.3389/fpsyq.2022.982467

Liebermann, D. G. (2008). “Biomechanical aspects of motor control in human
landing,” in Handbook of Biomechanics and Human Movement Science, eds. Y.
Hong and R. Bartlett (New York: Routledge Taylor and Francis), 117-128.

Loder, R. T. (2008). The demographics of playground equipment injuries in
children. J. Pediatr. Surg. 43, 691-699. doi: 10.1016/j.jpedsurg.2007.12.061

Magill, R. A., and Anderson, D. (2014). Motor Learning and Control : Concepts
and Applications. 10th ed. (New York, NY : McGraw-Hill). Available online at:
http://cataleg.ub.edu/record=b2091819~S1*spi (accessed April 20, 2017).

McKay, H., Tsang, G., Heinonen, A., MacKelvie, K., Sanderson, D., Khan,
K. M., et al. (2005). Ground reaction forces associated with an effective
elementary school based jumping intervention. Br. J. Sports Med. 39, 10-14.
doi: 10.1136/bjsm.2003.008615

Mckinley, P., and Pedotti, A. (1992). Motor strategies in landing from a jump: the
role of skill in task execution. Exp. Brain Res. 90, 427-440. doi: 10.1007/BF00227257

McMillan, A. G., Phillips, K. A., Collier, D. N., and Blaise Williams, D. S. (2010).
Frontal and sagittal plane biomechanics during drop jump landing in boys who are
obese. Pediatr. Phys. Ther. 22, 34-41. doi: 10.1097/PEP.0b013e3181cd1868

McNitt-Gray, J. L. (2016). Kinematics and impulse characteristics of
drop landings from three heights. Int. ]. Sport Biomech. 7, 201-224.
doi: 10.1123/ijsb.7.2.201

Moir, G. L., Munford, S. N., Snyder, B. W., and Davis, S. E. (2022).
Mechanical differences between adolescents and adults during two
landing phases of a drop jump task. J. strength Cond. Res. 36, 1090-1098.
doi: 10.1519/JSC.0000000000003683

Niespodzinski, B., Grad, R., Kochanowicz, A., Mieszkowski, J., Marina, M.,
Zasada, M., et al. (2021). The neuromuscular characteristics of gymnasts’ jumps
and landings at particular stages of sports training. J. Hum. Kinet. 78, 15-28.
doi: 10.2478/hukin-2021-0027

Okely, A. D., Booth, M. L., and Patterson, J. W. (2001). Relationship of physical
activity to fundamental movement skills among adolescents. Med. Sci. Sports Exerc.
33, 1899-1904. doi: 10.1097/00005768-200111000-00015

Quatman, C. E., Ford, K. R, Myer, G. D.,, and Hewett, T. E. (2006).
Maturation leads to gender differences in landing force and vertical
jump performance: A longitudinal study. Am. J. Sports Med. 34, 806-813.
doi: 10.1177/0363546505281916

Raffalt, P. C., Alkjeer, T., and Simonsen, E. B. (2017). Intra-subject variability
in muscle activity and co-contraction during jumps and landings in children and
adults. Scand. J. Med. Sci. Sport. 27, 820-831. doi: 10.1111/sms.12686

Rosales, M. R,, Romack, J., and Angulo-Barroso, R. (2018). SEMG analysis
during landing in children with autism spectrum disorder: a pilot study. Pediatr.
Phys. Ther. 30, 192-194. doi: 10.1097/PEP.0000000000000514

Russell, P. J., Croce, R. V., Swartz, E. E., and Decoster, L. C. (2007). Knee-
muscle activation during landings: Developmental and gender comparisons. Med.
Sci. Sports Exerc. 39, 159-169. doi: 10.1249/01.mss.0000241646.05596.8a

Santello, M. (2005). Review of motor control mechanisms underlying impact
absorption from falls. Gait Posture 21, 85-94. doi: 10.1016/j.gaitpost.2004.01.005

Santello, M., and Mcdonagh, M. J. N. (1998). The control of timing and
amplitude of EMG activity in landing movements in humans. Exp. Physiol. 83,
857-874. doi: 10.1113/expphysiol.1998.sp004165

Schmitz, C., Martin, N., and Assaiante, C. (2002). Building anticipatory postural
adjustment during childhood: A kinematic and electromyographic analysis of
unloading in children from 4 to 8 years of age. Exp. Brain Res. 142, 354-364.
doi: 10.1007/500221-001-0910-y

Schroeder, L. E., Tatarski, R. L., and Weinhandl, J. T. (2021). Increased ankle
range of motion reduces knee loads during landing in healthy adults. J. Appl.
Biomech. 37, 333-342. doi: 10.1123/jab.2020-0281

Seefeldt, V. (1986). Physical Activity and Well-Being. Waldorf: American Alliance
for Health, Physical Education, Recreation and Dance Publications.

Stodden, D. F., Goodway, J. D., Langendorfer, S. J., Roberton, M. A., Rudisill,
M. E,, Garcia, C,, et al. (2008). A developmental perspective on the role of motor
skill competence in physical activity: an emergent relationship. Quest 60, 290-306.
doi: 10.1080/00336297.2008.10483582

Swanik, C. B., Covassin, T., Stearne, D. J., and Schatz, P. (2007). The
relationship between neurocognitive function and noncontact anterior cruciate
ligament injuries. Am. J. Sports Med. 35, 943-948. doi: 10.1177/03635465072
99532

frontiersin.org


https://doi.org/10.3389/fpsyg.2022.982467
https://doi.org/10.1177/0363546505281242
https://doi.org/10.1016/j.jadohealth.2008.07.004
https://doi.org/10.1016/j.tree.2008.10.008
https://doi.org/10.1016/j.jelekin.2016.11.003
https://doi.org/10.1519/JSC.0000000000001052
https://doi.org/10.3390/ijerph17176414
https://doi.org/10.1080/02640414.2016.1189084
https://doi.org/10.7717/peerj.4794
https://doi.org/10.1123/jab.19.2.139
https://doi.org/10.1016/0021-9290(85)90233-7
https://doi.org/10.1007/s00421-011-2199-2
https://doi.org/10.1080/02701367.1994.10607627
https://doi.org/10.3233/BMR-150617
https://doi.org/10.1007/s00402-014-2055-z
https://doi.org/10.3233/THC-THC228035
https://doi.org/10.1123/pes.10.2.123
https://doi.org/10.1007/s00421-010-1452-4
https://doi.org/10.1016/j.jpedsurg.2007.12.061
http://cataleg.ub.edu/record=b2091819~S1*spi
https://doi.org/10.1136/bjsm.2003.008615
https://doi.org/10.1007/BF00227257
https://doi.org/10.1097/PEP.0b013e3181cd1868
https://doi.org/10.1123/ijsb.7.2.201
https://doi.org/10.1519/JSC.0000000000003683
https://doi.org/10.2478/hukin-2021-0027
https://doi.org/10.1097/00005768-200111000-00015
https://doi.org/10.1177/0363546505281916
https://doi.org/10.1111/sms.12686
https://doi.org/10.1097/PEP.0000000000000514
https://doi.org/10.1249/01.mss.0000241646.05596.8a
https://doi.org/10.1016/j.gaitpost.2004.01.005
https://doi.org/10.1113/expphysiol.1998.sp004165
https://doi.org/10.1007/s00221-001-0910-y
https://doi.org/10.1123/jab.2020-0281
https://doi.org/10.1080/00336297.2008.10483582
https://doi.org/10.1177/0363546507299532
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Angulo-Barroso et al.

Swartz, E. E., Decoster, L. C., Russell, P. J., and Croce, R. V. (2005). Effects of
developmental stage and sex on lower extremity kinematics and vertical ground
reaction forces during landing. J. Athl. Train. 40, 9-14.

Waugh, C. M., Korff, T., Fath, F., and Blazevich, A. J. (2013). Rapid force
production in children and adults: Mechanical and neural contributions. Med. Sci.
Sports Exerc. 45, 762-771. doi: 10.1249/MSS.0b013e31827a67ba

Weinhandl, J. T., Irmischer, B. S., and Sievert, Z. A. (2015). Sex differences in
unilateral landing mechanics from absolute and relative heights. Knee 22, 298-303.
doi: 10.1016/j.knee.2015.03.012

Weir, G., van Emmerik, R., Jewell, C., and Hamill, J. (2019). Coordination and
variability during anticipated and unanticipated sidestepping. Gait Posture 67, 1-8.
doi: 10.1016/j.gaitpost.2018.09.007

Whyte, E. F., Richter, C., O’connor, S., and Moran, K. A. (2018). The
effect of high intensity exercise and anticipation on trunk and lower limb
biomechanics during a crossover cutting manoeuvre. J. Sports Sci. 36, 889-900.
doi: 10.1080/02640414.2017.1346270

Frontiersin Psychology

18

10.3389/fpsyq.2022.982467

Wild, C., Steele, J., and Munro, B. (2009). How are muscle
activation  patterns  during dynamic landing movements  affected
by growth and  development?  Implications for lower  limb
injuries. J.  Sci. Med. Sport 12, $65. doi: 10.1016/j.jsams.2008.1
2.154

Xu, D., Cen, X., Wang, M., Rong, M., Istvan, B., Baker, J. S., et al. (2020).
Temporal kinematic differences between forward and backward jump-landing.
Int. J. Environ. Res. Public Health 17, 1003-1004. doi: 10.3390/ijerph1718
6669

Yom, J. P., Owens, T. Arnett, S., Beebe, J., and Son, V. (2019).
The effects of an unanticipated side-cut on lower extremity
kinematics and ground reaction forces during a drop landing.
Sport. Biomech. 18, 414-425. doi: 10.1080/14763141.2017.140
9795

Zhao, P., Ji, Z., Wen, R,, Li, J., Liang, X,, Jiang, G., et al. (2021). Biomechanical
characteristics of vertical jumping of preschool children in China based on motion
capture and simulation modeling. Sensors 21. doi: 10.3390/521248376

frontiersin.org


https://doi.org/10.3389/fpsyg.2022.982467
https://doi.org/10.1249/MSS.0b013e31827a67ba
https://doi.org/10.1016/j.knee.2015.03.012
https://doi.org/10.1016/j.gaitpost.2018.09.007
https://doi.org/10.1080/02640414.2017.1346270
https://doi.org/10.1016/j.jsams.2008.12.154
https://doi.org/10.3390/ijerph17186669
https://doi.org/10.1080/14763141.2017.1409795
https://doi.org/10.3390/s21248376
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

	Children's strategies in drop-landing
	Introduction
	Methods
	Participants
	Procedure
	Data collection
	Data analysis
	Variables
	Kinematic variables and flexion timing pattern
	Kinetic variables
	Muscle activity variables and muscle patterns response to the impact

	Statistical analysis

	Results
	Kinematic variables and flexion timing pattern
	Kinetic variables
	Muscle activity variables and muscle patterns response to the impact

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


