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Abstract - Aim: Lower-body non-contact injuries in team sport athletes (TSAs) are associated when absorbing force,
during cutting and landing movements due to a lack of eccentric strength and decreased neuromuscular control leading
to excessively higher joint forces. Thus, this project aimed to identify if TSAs had different acceleration and decelera-
tion force profiles compared to a control group (non-TSA) when performing drop jumps (DJs).Methods: University
TSAs (n = 15) and non-TSAs (n = 10) performed a series of DJs from a 39 cm box onto a force-plate. All data were
normalized to the individual's body mass. Between-group differences in ground reaction force (GRF), rate of force
development (RFD), and propulsive and breaking impulses were compared via t-tests and standardized differences.
Results: TSAs had significantly, and meaningfully greater RFD than the non-TSAs (p < 0.01, Hedges’ g (ES) = 1.24,
53%). While not statistically significant, the non-TSA group produced practically larger mean GRFs than TSAs (p =
.09, ES = 0.72, 12.1%). No significant or meaningful between-group differences were detected for propulsive impulse
(p = 0.08, ES = 0.41, 9.1%), braking impulse (p = 0.85, ES = 0.25, 4.6%), or impulse ratio (p = 0.35, ES = 0.21, 6.7%).
Conclusions: This study shows the presence of significant RFD differences during the DJ in TSAs compared to non-
TSAs. Furthermore, this investigation also showed there was no difference between TSA and students in GRF and
impulse metrics. Implications from these findings suggest that TSAs can produce force rapidly, but deceleration metrics
were not different from untrained students.
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Introduction

Understanding injury mechanisms in athletics is vital to
reduce the number of injuries in team sports1,2. Move-
ments in various sports require deceleration from a sprint
or a landing from a jump3. Ground reaction forces (GRFs)
elicited through the body upon landing have been asso-
ciated with lower limb injuries4. Agel, Aremdt, and
Berdshadsky2 note that team sport athletes (TSAs) (e.g.,
soccer, football, basketball, handball) are at high risk for
lower limb injuries, including non-contact anterior cruci-
ate ligament tears. This higher injury risk may be due to
the landing and cutting required in team sports, combined
with dynamic and often unpredictable environments.
Research suggests that non-contact injuries in sport are
typically correlated with eccentric muscle actions5.
Hewett, Ford, Hoogenboom, and Myer3 note this can
occur due to a combination of low muscular strength
(eccentric control), and nervous system disruptions which
can lead to excessively high forces imparted onto liga-
mentous structures.

Movement demands of TSAs are varied, as Beattie
et al.6, note, TSAs are required to rapidly (sometimes
< 250 ms) jump, sprint, accelerate, decelerate, cut, and
change direction. Similarly, Aagaard et al.7, note that the
requisite amount of time to develop contractions in sport
can be shorter (< 200 ms) than the time required to
achieve maximal muscular contraction (> 300 ms). Due to
the necessity of quick contractions, the development, and
expression of the rate of force development (RFD) is vital
to TSAs. As Tillin et al.8, note, RFD is not only important
for effective jumping and sprinting performance, but for
preventing injuries. The ability to generate very high mus-
cular contractions quickly has an active stability effect on
joints9. Rapid force creation is important because non-
contact knee injuries can occur as quickly as 70 ms7. An
effective means of measuring RFD for TSAs is to assess
plyometric abilities via force plate technology. To provide
more clarity to the kinetics and injuries found in the lower
limb, force-plates provide valuable feedback for clinicians
and coaches investigating the kinetic characteristics of an
individual's movement10.
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To better understand athletes' movements, we used
the DJ onto a force plate to assess deceleration and accel-
eration kinetics between TSAs and non-TSAs. There has
been some initial research around this topic11-14, though
methodology and population groups have varied heavily -
populations tend to be adolescents, recreational
athletes11,12, female athletes13,14, and little research inves-
tigating the second landing that follows a maximal vertical
jump13,15. However, it is vital for sports medicine practi-
tioners, coaches, and athletes to understand GFR and RFD
and how they impact sports injuries, training, monitoring,
and performance19. Therefore, we aimed to characterize
the GFRs and RFD of TSAs, and compare them with non-
athletic controls (non-TSA). When compared to non-
TSAs, we hypothesized that TSAs would demonstrate
greater RFDs and lower GRF, likely due to greater mus-
cular strength and coordination.

Methods

Participants
Fifteen TSAs (22.8 ± 4.2 years, 82.8 ± 15.1 kg,

181.4 ± 12.8 cm), and 10 non-TSAs (23.7 ± 0.7 years,
73.1 ± 13.4 kg, 172.6 ± 11.4 cm), volunteered to partici-
pate. There were no dropouts. Thus, the two groups for
this study were 15 TSAs (12 male, 3 female) comprised of
rugby (3 male), Gaelic Football (2 male, 1 female), soccer
(2 male, 1 female), volleyball (1 male, 1 female) and bas-
ketball players (4 male). The non-TSA group had 10 uni-
versity students (5 female, 5 male). Data collection
occurred after an eligibility screening.

TSA's were contacted respective university team
sport coaches through email and then scheduled partici-
pants for data collection. Posters recruited control group
participants with contact details placed around the Uni-
versity and surrounding areas. Eligibility to be included in
this study were: 1) a university TSA (basketball, cricket,
football/soccer, Gaelic football, ice-hockey, rugby, and
volleyball), 2) are 18-35 years old, 3) have no current
musculoskeletal injuries, and 4) if they were not a student-
athlete, they are a student that has not participated in orga-
nized team sports or athletics in the past two years. The
Glasgow Caledonian University School of Health and Life
Science Ethics Board accepted this protocol, and all parti-
cipants were briefed on the study procedure before pro-
viding written informed consent.

Testing procedures
Height was measured using a stadiometer (Seca

model 213, Chino, California, USA), whereas body mass
was measured using an electronic scale (Seca model 813,
136 Chino, California, USA). Participants then performed
a standardized warm-up including five minutes on a Mon-
ark cycle ergometer (COSMED; Rome, Italy) at a 70 rpm,

with a 2 kg resistance, followed by a dynamic warm-up
consisting of ten meters of walking lunges, side shuffling,
marching, skipping, high knees, as well as ten repetitions
of floor-based supine bridges. Participants then were given
one minute of rest before being shown a video of indivi-
duals partaking the protocol (a side and front view). Parti-
cipants were allowed up to ten screenings of the ten-
second video. Participants were instructed to stand on a
box to have their hands on their hips to bring one foot for-
ward, drop down onto the force-plate with two feet and
jump “as quickly as possible, maximally as high into the
air and then land softly while keeping the hands on the
hips”. The box was 39 cm in height, in line with other stu-
dies assessing plyometric abilities of team sport
athletes15-17. Participants were not instructed on how to
land. The box was positioned 3 cm behind the force-plate
to allow the participants to step down and slightly forward
onto the plate. Participants had up to six practice attempts
of the protocol. Between each repetition, participants res-
ted 60 s18. They were prompted to use their practice jumps
as submaximal effort. If individuals felt comfortable
before six practice jumps, they then partook in the mea-
sured DJ protocol. The protocol was identical to the prac-
tice jumps, but participants were instructed to jump as
quickly off of the plate (as soon as they touched the
ground) with maximal intensity and to land “as soft as
possible”, similar to practice jumps, participants were
required to take 60 s between jumps to ensure adequate
rest19. Each participant completed a total of six maximal
DJs.

Force-plate analysis
Participants performed the DJ onto a force-plate sys-

tem (Kistler; model: 9286B, Winterthur, Switzerland) that
could measure vertical (Fz) GRF's at 120 Hz frequency for
seven seconds20,21. Seven-second recordings were recor-
ded onto the force-plate via Qualisys Track Manager soft-
ware (QTM Bild 2019.1.4400: Kvarnbergsgatan Sweden).
Data in this study analyzed GRF data derived from Fz on
all readings. Data was recorded and imported into a cus-
tom Visual 3D software (v6.01.36, C-Motion Inc, Ger-
mantown, MD, USA). Data were then processed in Visual
3D with a custom Excel spreadsheet (version 2016;
Microsoft Corporation, Redmond, WA, USA). Variables
(GRF, RFD, Impulse [propulsive, braking, ratio]) from
kinetic data were found, defined, and plotted individually.
The impulse ratio was calculated by finding the ratio of the
propulsive net impulse to the net braking impulse. All
values were reported as absolute values and then created
relative to body mass (Normalized � RFD, GRF, and
impulse metrics). The vertical force-time metrics were fil-
tered using a Butterworth low-pass filter (with a cut-off
frequency of 6 Hz)20. An example force-time curve is illu-
strated in Figure 1.
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The main outcome measures recorded were GRF (N)
and RFD (N·s−1), propulsive net impulse (N·s), braking
net impulse (N·s), and the impulse ratio (ratio of the pro-
pulsive net impulse to braking net impulse). These metrics
are clinically relevant as outcome measures are related to
acceleration, deceleration, athletic performance and they
have an association surrounding athletic injuries22. The
first GRF was identified as the maximum (peak) value
before take-off. The second peak GRF was measured as
the maximum value on the second landing phase. RFD
was calculated as the 1st peak divided by the time between
the 1st peak and the time to leave the plate23. The propul-
sive impulse was calculated as the integral of force from
the 1st maximum value until take off from the plate. Brak-
ing impulse was calculated as the integral of force from
2nd contact of the plate until the 2nd maximum value was
achieved.

Statistical analysis
Statistical analyses were performed in SPSS version

25 (IBM corporation, Armonk, NY, USA). Normality tests
were performed in SPSS to assess the distribution of all
outcome measures. Independent t-tests were used to ana-
lyze the differences between TSAs and non-TSAs, with
the level of significance set at p < 0.05. Due to the limited
sample size, qualitative descriptors of standardized
Hedges’ g effect sizes (ES) were assessed using these cri-
teria: trivial < 0.2, small 0.2-0.49, moderate 0.5-0.79,

large > 0.824. An ES of ≥ 0.50 was considered to be prac-
tically important25. Percent differences are also reported.

Results
Outcome measures were normally distributed (RFD,

GRF, impulse) (Shapiro-Wilk: p > 0.05) aside from
impulse ratio (IR) in TSA (p = 0.009). After performing
non-parametric tests with independent samples, no
between-group differences in impulse ratio were found
(p = 0.765). No significant between-group differences
were found for age, height, or body mass (p > 0.05).

Mean and standard deviation data are presented in
Table 1. TSAs had significantly, and meaningfully greater
normalized RFD than the non-TSA group (p < 0.01,
ES = 1.24, 53%). While not statistically significant, TSAs

Figure 1 - Illustration of a drop jump force-time curve with examples of how outcome measures were plotted for data collection. The first peak is where
the individual lands after stepping off the box. The second peak is the (second) landing after propulsion and was measured as a ground reaction force.

Table 1 - Force-plate measurements following a drop jump.

TSA non-TSA p ES % Δ

RFD (N/kg·s−1) 292.1 ± 105.7 169.7 ± 75.6 < 0.01 1.25 53%

GRF (N/kg) 28.8 ± 3.1 32.5 ± 5.9 0.09 0.72 12.1

PI (N/kg·s) 5.22 ± 1.3 5.72 ± 1.0 0.08 0.41 9.1

BI (N/kg·s) 1.50 ± 0.25 1.57 ± 0.30 0.85 0.25 4.6

IR (%) 3.73 ± 1.2 3.99 ± 1.2 0.35 0.21 6.7

TSA, team sport athlete; RFD, rate of force development; GRF, ground
reaction force; PI, propulsive impulse; BI, breaking impulse; IR, impulse
ratio; ES, effect size (Hedges’ g).
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produced larger mean normalized GRFs than the non-TSA
group (p = 0.09, ES = 0.72, 12.1%). No significant or
meaningful between-group differences were detected for
propulsive impulse (p = 0.08, ES = 0.41, 9.1%), braking
impulse (p = 0.85, ES = 0.25, 4.6%), or impulse ratio
(p = 0.35, ES = 0.21, 6.7%).

Discussion
We aimed to identify if TSAs elicited different

acceleration and deceleration force profiles compared to
non-TSAs. The hypothesis was that TSAs would demon-
strate greater RFD with lower GRFs, which was partially
supported by our results. The results of the present study
suggest that TSAs can produce force at higher rates than
non-TSAs but are not any better at decelerating versus
non-TSAs, at least when performing the DJ.

The TSAs showed greater concentric RFD compared
to the control in the DJ (p < 0.01, ES = 1.25, 53%). TSAs
creating greater RFD than non-trained individuals are
consistent throughout the literature, although, methods to
support these findings are inconsistent. For example, Til-
lin, Pain, and Folland26 used countermovement jumps
(instead of DJ) between rugby players and non-athletes on
a force platform to examine GRF profiles. Athletes from
this study created forces (absolute RFD) greater than non-
athletes (p < 0.05). Tillin et al.8, analyzed electro-
mechanical delay and RFD between athletes and non-ath-
letes using an isometric knee extension protocol. Athletes
in this investigation displayed twice the RFD during early-
phase RFD compared to untrained participants8. However,
the results are not easily comparable as the protocol was in
an open chain setting compared to a closed/dynamic chain
protocol such as the DJ.

Athletes have greater RFD due to several variables.
For instance, collegiate TSAs may train and compete
upwards of 35 hours per week, where students are often
less active27. The specific adaptations to imposed demands
(SAID) principle could be a contributing factor, as athletes
are required to create large forces where less active popu-
lations typically do not. Further, if non-TSAs resistance-
trained, their ability to create force would likely improve,
as lower-body training substantially increases knee-exten-
sion RFD28.

Whilst not consistent enough to reach statistical sig-
nificance, a practically important between-group differ-
ence was found for GFR. For example, while non-
significant (p = 0.09), the effect size was large (ES = 0.72,
12.1%). This may be an important finding as previous stu-
dies suggest a diminished capacity to attenuate impact
during landings is one of the factors related to lower-body
injuries29; or alternatively, effected by the relatively low
number of participants. The literature surrounding GRF's
in this chosen population is prevalent, but methodological
protocols are inconsistent. For example, Norcross et al.11,

had 82 participants perform DJs. Participants jumped for-
ward 50% of their height, down onto a force plate, back up
into the air, and landed. The authors found a greater
impact on GRFs, noting greater ACL loading. Other stu-
dies exist with modified protocols. Podraza and White12

had a small sample of students land from a 10.5 cm box.
GRFs decreased where knee moments increased with
increased knee flexion upon landing (p < 0.005). The
authors noted elevated GRFs upon landing in an extended
knee position may contribute to non-contact lower-limb
injuries12.

Due to the lack of comparative studies in the litera-
ture, this study fills a specific gap of comparing TSAs to a
non-TSA population to understand differences in GRF's in
these populations. Whilst interpreting these results, this
population did not decelerate more effectively than stu-
dents but did produce force more rapidly. If athletes are
not able to properly decelerate, it is plausible to consider
more injuries that could occur due to the correlation
between elevated GRFs and lower-body injuries30. Fur-
ther, when an individual's decelerations are uncontrolled
and occur too quickly, one's neuromuscular system is put
into a position where soft tissue and osseous damage is
possible31.

There were no significant between-group differences
in braking, propulsive, and ratio impulses (p = 0.08-0.35,
ES = 0.21-0.41, 4.6-9.1%). Our findings contrast to others
in the literature, for example, athletes demonstrate sig-
nificantly higher values in impulse compared to non-
athletes32,33. Although, analogous findings to this study
were produced by Seegmiller and McCaw1, who utilized a
depth drop to assess braking impulse in collegiate gym-
nasts (and recreational gymnasts) which found no differ-
ences. Whilst their protocol was different to ours -
assessing impulse just during landings from 60 and 90 cm,
Milan and Krzysztof34, utilized a sample of elite (n = 6)
and sub-elite (n = 6) sprinters, who performed counter-
movement and DJs, and sprint metrics. Disparities in CMJ
amid elite and sub-elite were found in jump height, and
impulse (p < 0.05)34, with analogous findings for the drop
jump metrics. Although, athletes in this study were not
TSAs which may make this study lack generalizability to
our and team sports settings. Evidence around impulse
metrics in this area overall contrasts with our findings,
which was expected because athletes generally demon-
strate greater propulsive and breaking impulses. Perhaps,
our sample of athletes could not create impulse as well as
the norm.

It is important to discuss the potential effects of
jumping and landing mechanics from participants in this
study to help understand and interpret the results. This
study did not utilize motion capture, but what can be
deduced to understand the jumping strategies were the
force-plate findings and the protocol itself. While indivi-
duals in this study were required to jump with their hands
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on their hips and from a standardized height, the height of
the box could have impacted the biomechanical strategies
participants used to influence their force plate results. For
example, according to Flanagan and Comyns35, and Wil-
son and Flanagan36, if an individual's eccentric strength
capabilities are not sufficiently strong enough when land-
ing from an elevated height, that may generate higher
impact peak forces and create longer loading rates. The
participants’ jumping technique in our study may have
been altered based on their eccentric abilities to land on
the first landing (to accept force efficiently) and then
quickly create their jump (RFD). Given how TSA created
RFD at a significantly higher level than the students, per-
haps this was one reason behind their higher RFD.

The jumping technique and force plate data could
have been impacted based on the plyometric activity (in
general) required and the cues used for the task in this
study. For example, individuals were required to “jump as
quickly as possible, maximally as high into the air and
then to land softly while keeping the hands on the hips”.
For example, Khuu, Musalem, and Beach37 and Young,
Wilson, and Byrne38 noted that instructing athletes to
jump as high and as quickly as possible during drop proto-
cols can impact the jump and landing technique strategies.
Specifically, this instruction reduces jump height and
increases GRF due to the stiffer landings (with more
extended knees). The instructions above are highly rele-
vant to our study and the notion of quickly absorbing and
producing force is a major demand in sports requiring
stretch-shortening cycle functions (e.g., sprinting, change
of direction)39,40.

The findings of the present study may be useful for
sports medicine practitioners. Understanding that TSAs
elicit higher acceleration metrics but did not absorb force
more quickly than untrained individuals provides insight
into training programs, rehabilitation programs, and return
to play protocols. For example, using GFR analysis
throughout the preparatory and in-season periods, and
through phases of rehabilitation, may help clinicians dic-
tate training prescription. Further, DJs onto a force-plate
could potentially be used as an outcome measure for
return to play and monitoring in elite athletics. However,
understanding that high relative GRFs and low RFD has
been associated with injury mechanisms, these metrics
may be useful for sports medicine practitioners.

While the primary goal of the present study was
completed, several limitations and directions for future
research exist. Firstly, like most sport science studies, our
relatively small sample size of 25 requires strong and/or
consistent between-group differences to be confident in
the outcomes. Therefore, only our RFD result (p < 0.01,
ES = 1.25) reached sufficient post-hoc power (1-ß > 0.80)
to be completely confident in our findings. Additionally,
our group sizes were not distributed evenly (15 TSA, 10
non-TSA), and the TSA group was male dominated.

While methods remained consistent, cueing during the DJ
may have impacted findings. For example, Winkelman,
Palmer, and Ryan41, reported differing individual respon-
ses to a variety of cues. Thus, language may have impac-
ted how an individual interpreted “jump maximally,
quickly, land softly”. As the participants in our study were
not explicitly instructed on how to jump (knees straight
etc.), different between-group jumping styles could have
affected our results, instead of other factors, including
muscle-tendon-unit stiffness or neural factors. In this
study, we only did a drop jump, in future studies, it would
be useful to assess athletes to non-athletes via other means
such as broad jumps (bilateral and unilateral), lateral
bounds, and squat jumps to examine the differences in
kinetics seen amongst the groups. Future research may
examine bilateral force plates to analyze individuals’
lower limb asymmetries and how that may be relevant in
accommodating joint forces.

Conclusion
This investigation displays an approach to evaluate

functional lower-body kinetics using the DJ and a force-
plate. Further, findings can provide valuable insight into
sports medicine practitioners as these metrics play a role
in injury, athlete monitoring, and sports performance. This
study shows the presence of significant RFD differences
during the DJ in TSAs compared to non-TSAs. Further-
more, this investigation also showed there was no differ-
ence between TSA and students in GRF and impulse
metrics. Implications from these findings suggest that
TSAs can produce force rapidly, but deceleration metrics
were not different from untrained students. Further, our
results demonstrate the non-TSAs may be at a greater risk
of injury when beginning a new activity, strengthening the
argument for systematic progression of training before full
intensity practice or competition for TSAs.
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