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ABSTRACT

Multiple hop tests, such as the triple hop (TH) and quintuple hop (QH), are commonly used in
strength training, conditioning, and physiotherapy to evaluate lower-limb function, monitor return-
to-sport (RTS) progress, and measure athletic performance. Traditionally, these tests quantify total
distance jumped, which offers limited insight into movement strategies. Advances in affordable
technology, including smartphone videography to computer vision tracking, present opportunities
to improve the diagnostic value of these assessments, but their validity, reliability, and practical
usefulness are still under-investigated. Given this information, this thesis addressed the overarching
question: can technology integration into multiple hop testing provide greater diagnostic insight to
better inform physiotherapeutic and strength and conditioning practices? To answer this, the work

was structured across four sections, each targeting a specific set of research questions.

The current literature on TH and QH tests was reviewed in Section 1, evaluating their reliability,
utility, and relationship to performance. Findings highlighted that while the TH is reliable and
commonly used, the QH remains under-researched, with limited evidence on its validity and
sensitivity. Furthermore, reliance on distance as the sole outcome measure limited diagnostic value,
underscoring the need for alternative metrics and accessible technologies to capture movement

strategies.

The feasibility of smartphone videography for assessing multiple hop performance was investigated
in Section 2. Using free software (Kinovea) with tablets and smartphones, strong between-rater (ICC
= 0.85-1.00), within-rater (ICC = 0.98-1.00), and test—retest (ICC = 0.47-0.93) reliability for

spatiotemporal variables such as flight time, ground contact time, and total time were found. High



levels of agreement were found when these variables were compared to gold standard force plates,
although small systematic biases were observed. It was established that smartphone-based
approaches provided valid, reliable, and cost-effective alternatives for hop diagnostics in field and

clinical environments.

In Section 3, the physical and biomechanical demands of TH and QH tests, inter-limb asymmetries,
and their relationship to sprint performance were explored. Successive hops imposed progressively
greater eccentric braking demands, with vertical braking impulses increasing by ~32% and horizontal
braking impulses by ~56%, highlighting the importance of graded progression in rehabilitation
contexts. Kinetic analyses showed average asymmetries of up to 40% in braking impulses, with some
reaching 96%. These asymmetries are often hidden when only using distance outcomes, which
averaged 4.7% and peaked at 12.7%. Hop distances correlated strongly with 10-40 m sprint times (r
= 0.70-0.80), with reactive strength index horizontal (RSlhor) identified as the strongest predictor of
sprint ability (r = 0.49-0.71). Finally, given the high shared variance between TH and QH variables, it
is recommended that practitioners use only one of the tests in their assessment battery, the choice

of which depends on the injury and athletic status of those being tested.

The focus of Section 4 was to translate the research findings of the thesis into applied resources for
practitioners, using a “Masterclass” framework to bridge theory and practice. This synthesis
provided physiotherapists and strength and conditioning coaches with practical guidance on
implementing multiple hop assessments, monitoring asymmetries, and applying hop diagnostics to

rehabilitation and performance enhancement.

This thesis presents original research that expands the understanding of how multiple hop testing

can enhance diagnostic insights in athletic profiling. The findings demonstrate that simple, cost-



effective technologies can be effectively integrated into assessments, providing valid and reliable
measures of both athlete movement and outcome strategies. Although limitations included cross-
sectional designs, male-dominated samples, and a focus on TH and QH tasks over other hop-based
assessments, the research establishes a framework for incorporating hop assessments into applied
practice. Future research should validate emerging technologies like Al-driven video analysis and
inertial measurement units, broaden normative data across sexes and performance levels, and

explore longitudinal and applied outcomes in clinical and elite sport environments.
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ACL Anterior cruciate ligament
ACLR Anterior cruciate ligament reconstruction
Cl Confidence interval
CcMJ Countermovement Jump
CoM Centre of mass
CoP Centre of pressure
cv Coefficient of variation
DOM Dominant
DJ Drop jump
ES Effect size
fps Frames per second
GRF Ground reaction force
Hz Hertz
ICC Intra-class correlation coefficient
IMU Inertial measurement unit
kg Kilogram
LSI Limb symmetry index
m Metres
m.s! Metres per second
n Number
N Newtons
N.kg Newtons per kilogram
Ns Newton seconds
Ns.kg Newton seconds per kilogram
NDOM Non-dominant
p Pixels
QH Quintuple hop
SD Standard deviation
r Pearson correlation coefficient
RFD Rate of force development
RSI Reactive strength index
RSlhor Horizontal reactive strength index
RSlhor-pist Horizontal reactive strength index (distance derived)
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CHAPTER 1: INTRODUCTION /

1.1 Background and Rationale for the Thesis

The reader should be aware that my PhD journey has been a lengthy one, starting in 2016.
Therefore, the foundational literature for my approved PhD proposal and the sources that informed
my early work should be read with this timeline in mind. In this regard, Chapter 1 presents my
understanding of the literature at that time, which provided the background and rationale for the
thesis. Implicit in this, and true to my original motivations for the PhD, is that the literature in this
chapter has not been updated but reflects my thinking when | began the thesis, based on the
knowledge available then. As you progress through the thesis, you will observe the integration of
current research into the PhD narrative. With this in mind, Chapter 1 shows where the PhD started

nine years ago.

Explosive propulsive movements such as those seen in sprinting (accelerations, maximum velocity,
change of direction) are integral to success in sport, and athletic success relies on proficiency in
these movements [9]. The level of proficiency has also been shown to clearly differentiate between
various levels of competition [27]. It is generally thought that the mechanical factors influencing
acceleration rely on concentric force production (horizontal orientation) [95, 111], net horizontal
impulse [112] and activity of the knee and hip extensors [46]. Additionally, maximum speed appears
to be dependent on a greater stretch-shortening cycle (SSC), lower limb stiffness, and hip extensor
activity that generates maximum vertical ground reaction forces relative to body mass [27, 166,
167]. To attain high levels of these physical attributes, a certain level of training and monitoring
should be employed to first gauge what levels of competency an athlete already possesses
(profiling), and in designing and monitoring appropriate strength and conditioning programming to

project an athlete to higher levels of athletic achievement.
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Vittori (1995) highlighted several specific profiling assessments that were critical to sprint
performance. These tests were organised into four categories: tests for acyclic expressions of
strength; tests for cyclic expressions of strength; speed tests; and targeted running tests. As shown
by these four assessment groups, monitoring and profiling should not focus solely on task-specific
tests (such as sprint times) but should also measure the underlying qualities that contribute to
success in that performance, especially when multiple physical characteristics are needed in an
athletic skill. This provides important information for evaluating the effectiveness of individual
training blocks and the physical traits being developed. Such information can then be used to predict
whether an athlete is on track to reach their potential performance levels. Of particular interest and

the focus of this thesis was the testing of cyclic expressions of strength and power.

A review of the assessment of ballistic performance [108] of the lower limb mostly favoured some
form of bilateral vertical jumping. Although this appears to be common practice in the literature,
very few athletic activities require the participant to propel themselves solely vertically and in a
bilateral manner. Sporting demands more often involve multi-planar propulsion that includes
vertical, horizontal, and lateral components simultaneously, such as diagonal changes of direction
in response to an opponent’s actions. Additionally, these movements are cyclical rather than
acyclical. Cyclic, unilateral, multi-axial propulsion seems to be important for optimal athletic
performance, and researchers have suggested that horizontal jump performance is more likely a
better predictor of performance in tasks like sprinting than vertical jumps [75]. Strength and
conditioning practitioners should therefore incorporate some form of horizontal strength and
power profiling into their practice to evaluate their importance in predicting performance and their

potential link to injury risk, such as asymmetry.

31



Research focusing on the utility of unilateral horizontal propulsion assessments is prominent in the
literature. Testing protocols include single-leg hops for distance [4, 84, 115, 132, 169], TH for
distance [4, 84, 115, 132, 169], a 6 m hop for time [115, 132], crossover hop for distance [115, 132,
169], and more recently, lateral countermovement jump [109]. It should be noted that in many
cases, these hops are used in clinical settings, especially in studies related to knee injury
rehabilitation. Hopping ability in relation to performance among healthy athletes is rarely
investigated. Single and TH tests for distance have both been used in testing batteries for athletic

populations [105, 161].

The former test lacks cyclic, repeated, unilateral landing and subsequent propulsion, which are
fundamental to the TH. This element seems to be very important in sports that require athletes to
propel cyclically. The QH for distance is also used in training and assessment and is referred to as
the 5-hop test in the literature [122]. Like its triple or 3-hop counterpart, this test involves cyclical,
repeated, unilateral landings, followed by propulsion over longer distances and at higher speeds
and intensities due to the momentum of the jumps. These tests are believed to more closely mimic
movements found in sports requiring high levels of fast, explosive, and ballistic force [105, 162].
They may offer greater insight into athletic deficiencies by simulating the speed of contraction,
neuromuscular firing patterns, and transfer of kinetic energy similar to those in sprinting and
change-of-direction tasks [108]. The TH and QH in particular are thought to have repeated cyclical
expressions of strength similar to sprinting and change-of-direction tasks [162]. For example, strong
relationships (r=-0.81) have been noted between multiple hops and 40 m sprint performance [121].
Additionally, assessing the ratio of TH to QH is thought to demonstrate an athlete’s ability to sustain
force application during faster movements, making it a key component of athletic performance.
Vittori (1995) proposed that an athlete with a good capacity for rapid strength expression should

perform at least 70% better on the QH compared to the TH test. The validity of this claim remains
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uncertain, and the limited research in this area motivated the pursuit of this body of work to
thoroughly understand the diagnostic utility of the TH and QH for strength and conditioning coaches

and physiotherapists.

1.2 Status of the Literature, Gaps and Limitations, and Rationale for the Thesis

This section provides a brief overview of the research that underpins the thesis and highlights the
gaps and limitations that shaped the research questions of interest. As intimated previously, my
PhD journey has been a lengthy one, beginning in 2016 and motivated by a literature review that |
co-authored. The article was published in the Strength and Conditioning Journal in 2016 titled,
“Triple and Quintuple Hops: Utility, Reliability, Asymmetry and Relationship to Performance.” My
contribution to the review was significant, considering the primary author was an undergraduate
student interning with me at the time. However, because my contribution to the narrative review
was less than 80%, the literature review cannot be included as part of the PhD, but it can be found
in full in the appendices (Appendix Ill). Below is a summary of the main findings of the 2016 review

and the gaps and limitations that led to some of the thesis questions.

Stolberg, Sharp et al. (2016) conducted a narrative review to assess the utility, reliability, normative
data, asymmetry detection, and performance relevance of the TH and QH tests, both of which assess
cyclic, unilateral, horizontal propulsion. The authors concluded that the TH for distance was a highly
reliable measure, with intraclass correlation coefficients (ICCs) ranging from 0.80 to 0.98 and typical
errors (SEM) usually below 20 cm. Although data on the QH was limited to a single study [122], initial
results showed good reliability (ICC = 0.89), indicating its potential as a useful performance measure,

though further validation was needed.
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Regarding normative values, TH performance varied significantly among populations, with distances
ranging from 4.28 to 6.90 m [23, 68, 69, 103, 104, 115, 132, 143]. Males consistently outperformed
females, with differences in average hop distances of about 13.6% greater in some male
populations. However, female-specific data was limited, restricting comparisons based on sex. Elite
and highly trained individuals generally produced better hop distances compared to recreationally

active participants.

The authors also identified that asymmetry in hop performance, measured by symmetry indices,
generally ranged from 10 to 15% among healthy, recreationally active adults. Interestingly, QH
seemed to highlight interlimb asymmetry more than TH, likely due to the longer hop sequence in
the former and possible increased stretch-loading. Notably, the authors advised against relying only
on group mean values when assessing asymmetry, as these can hide important individual

differences.

When examining the relationship between hop performance and other athletic outcomes,
moderate to very large correlations were identified between TH distance and short sprint
performance (r = -0.24 to -0.89), particularly in recreational and trained male populations [68, 103,
104]. Similarly, moderate to strong associations were found between TH and countermovement
jump (CMJ) height [84, 113] and muscle torque output [69, 122, 143], although inconsistencies
appeared across studies, partly due to differences in sample characteristics and testing procedures.
In contrast, research on the QH’s link to performance measures was limited, with only one study

reporting associations (r = 0.53 to 0.63) with CMJ forces and isokinetic strength [113].

Finally, the reviewers emphasised key methodological differences that influenced test outcomes

and their interpretation. Variations in arm swing use, landing instructions, and limb dominance

34



classification significantly affected performance, highlighting the need for greater standardisation

in test protocols. The authors concluded that while the TH was found to be reliable and relevant for

assessing athletic performance, the QH test remained underexplored and required further empirical

investigation to fully assess its utility.

The following points summarise the gaps and limitations identified from the literature review, some

of which formed the rationale for the thesis:

35

Limited research on the QH. Despite its apparent usefulness in assessing cyclic unilateral
propulsion, the QH has received minimal research attention. Only one study met the
inclusion criteria for the review, which limits the ability to draw strong conclusions about its
reliability, validity, and sensitivity. More empirical research across different populations is
needed before the QH can be confidently recommended as a standardised performance
test.

Under-representation of female participants. Most studies included in the review focused
on male or mixed-sex groups, with very few reporting sex-specific data. Only one study
directly compared TH performance between males and females, highlighting a significant
gap in understanding sex-related differences in test performance, variability, and
asymmetry.

Inconsistencies in testing protocols. Variability in how the TH and QH tests were
administered across studies, such as in the use of arm swing, final landing instructions
(bilateral vs. unilateral), and definitions of limb dominance, hindered cross-study
comparisons and compromised the development of normative reference values.
Over-reliance on distance as the sole outcome measure. Most studies evaluated
performance solely based on hop distance, ignoring other potentially useful metrics such as

ground contact time, and other kinematic and kinetic variables. Broadening measurement
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methods and utilising advanced technology could improve the diagnostic and predictive
power of these tests.

Pooling heterogeneous samples in reliability analyses can be problematic. Some studies
combined male and female data or merged recreational and elite athletes, which may have
artificially boosted reliability metrics like ICCs. This hampers the interpretation and
generalisation of the results and highlights the importance of stratified analyses by sex,
training status, and competitive level. Additionally, measures of typical error (CV, SEM)
related to the QH are necessary to fully understand the reliability of this protocol.

Using group means to report asymmetry can hide important individual differences.
Asymmetry was often presented with averages and standard deviations, which can mask
individual variations. Because asymmetry may be crucial for monitoring performance and
injury risk, future researchers should prioritise analyses and reporting methods that
emphasise fluctuations within individuals.

Lack of longitudinal and predictive research designs. The reviewed studies were primarily
cross-sectional, providing limited insights into the test—retest reliability or the predictive
value of hop performance for injury risk or athletic progression. Longitudinal studies that
track changes in hop test performance over time and examine its relationship to
performance and injury outcomes are essential to determine the true practical utility of
these tests.

Limited research links QH to other performance markers. Although the TH test has been
studied in relation to sprinting, vertical jumping, and strength measures, the QH has not
been examined similarly. Its links with key performance indicators are mostly unknown,
limiting its current usefulness for practitioners seeking comprehensive athlete profiling
tools. Working with athletes or sports teams often requires real-time feedback to assess

current athlete status and readiness, the transfer of physical training to sporting



performance, and measures of neuromuscular fatigue. Therefore, it is important to quantify
the many outcome and movement strategy variables related to multiple hop-based

performance in the field.

1.3 Overarching Question and Sub-questions

Based on the brief treatise of the literature and the identified gaps and limitations, the thesis aimed
to address the overarching question, “Can technology integration into multiple hop testing provide
greater diagnostic insight to better inform physiotherapeutic and strength and conditioning

practices?” To answer this question, several specific research questions were developed.

What is the current status of the research on TH and QH regarding utility, reliability, asymmetry,
and their relationship to performance (Appendix Il1)?

e Can smartphone videos offer a valid and reliable way to assess multiple hop variables?

e What are the physical demands of the TH versus QH?

e Do outcome and movement strategy variable asymmetries differ within and between hops?

e Isthe performance of multiple hops in series closely related to sprint performance?

e How can the findings uncovered throughout the thesis be translated into a resource that
enhances understanding of the usefulness of multiple hop assessments to improve strength,

conditioning, and physiotherapy practices?

1.4 Significance of the Thesis

In the first instance, there was surprisingly little information available on multiple hop assessment
variables besides total distance jumped, and clarifying and expanding the knowledge in this area
could benefit profiling, monitoring, and training design once reliability is established. However, the

main goal of this thesis was to provide a comprehensive overview of how to implement multiple
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hop assessments to improve evaluation and exercise prescription. It does so by utilising technology
to measure kinematic and kinetic qualities that are often overlooked when focusing only on
distance. This technological approach allows for a more thorough evaluation of the usefulness of
multiple hop assessment, which should be valuable for strength and conditioning coaches,
physiotherapists, athletes, and researchers seeking better clinical and athletic outcomes. To support
these efforts, resources on multiple hop assessments were created for physiotherapy and strength
and conditioning practice, aiming to: 1) enhance understanding of the biomechanics behind TH and
QH; 2) explore the key factors influencing these jumps and how these variables can inform better
diagnostics and training; and 3) show how different technologies can measure various elements
within the deterministic model. By translating the thesis findings into practical educational
materials, it is hoped that this work will make a meaningful contribution to physiotherapy and

strength and conditioning practices.

1.5 Structure of the Thesis

The chapters in this thesis are formatted for publication in peer-reviewed journals (see
Publications section). Therefore, each chapter is written to be understood independently from the
others. Due to this thesis-by-publication approach (i.e., a Pathway 2 Thesis), there may be some
repetition both between chapters and throughout the thesis. To help create a cohesive narrative,
preludes have been added at the start of each chapter to explain how each one connects to the
previous, helping the reader understand the flow of ideas and the overall cohesiveness of the
thesis. The content of this work is divided into 10 chapters across four distinct sections (see Figure
1).

e Section one includes Chapters 1 and 2: Chapter 1 provides a brief review of the existing

literature on multiple hops, focusing on utility, reliability, and asymmetry. It identifies gaps
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and limitations that justified the thesis direction. This section details the research questions,
explains the significance of the thesis, and outlines the structure. A key conclusion from the
literature review was the need to measure multiple hop performance with methods beyond
just distance. This insight shifted the focus of Chapter 2, which examined literature on the
accuracy and sensitivity of smartphone video, along with the reliability and validity of jump
diagnostics.

Section two includes two chapters focusing on the reliability and validity of using videography
in TH and QH assessments. Specifically, in Chapter 3, a tablet and free software (Kinovea) were
used to assess the between-rater, within-rater, and test-retest variability of temporal events
related to multiple horizontal hop testing. In Chapter 4, multiple hop kinematics captured via
smartphone videography and processed with Kinovea were compared to gold standard in-
ground force plate (x 54 technology).

Section three includes three chapters that provide insights into how the results of multiple
hop testing can be used for diagnostic purposes and to enhance understanding of sprinting.
Specifically, the aim of Chapter 5 was to better understand and quantify the kinetic demands
of multiple hops in series, with a focus on determining the increased demands of a QH task
compared to the more common TH task, the stretch-load demands of particular interest. In
Chapter 6, the utility of TH and QH kinematics and kinetics for describing vertical and
horizontal cyclic asymmetries was examined. Chapter 7 focused on the relationship between
hop and sprint performance, specifically whether different kinematic and kinetic measures
and their ratios could differentiate between sprinters of varying skill levels.

Section four comprised three chapters that compiled the gathered information into practical
applications and future research directions for various practitioners. Chapter 8 synthesised the
findings from the thesis and places them in a context aimed at improving physiotherapeutic

practice by expanding the understanding of what multiple hop diagnostics could provide with
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technology integration. Chapter 9 follows a similar approach but focuses on synthesising
previous findings into a context more specific to strength and conditioning coaches. Finally,

Chapter 10 provides a summary of the main findings and outlines future research directions.



ENHANCING ATHLETE PROFILING THROUGH TECHNOLOGY-INTEGRATED MULTIPLE HOP TESTING:

IMPLICATIONS FOR PHYSIOTHERAPY AND STRENGTH AND CONDITIONING

SECTION 2

Reliability and validity of the use

of videography in multiple hop
assessments

SECTION 3

Insights into how the results of
multiple hop testing can be used for
diagnostic purposes and inform
understanding for sprinting

SECTION 4

Practical applications, summary and

considerations for future research

Chapter 1

Introduction/Preface

Chapter 2

“Using Smartphones for Jump Diagnostics:
A Brief Review of the Validity and Reliability
of the My Jump App”

Published in
Strength and Conditioning Journal

Chapter 3

“Videographic Variability of Triple and
Quintuple Horizontal Hop Performance”
Published in
Journal of Sports Rehabilitation

Chapter 5

“Stretch-Load Demands in Multiple Hops:
Implications for Athletic Performance and
Rehabilitation ”

In Review

Chapter 8

“Masterclass: Are You Getting the Most Out

of Your Triple-Hop Testing?”
Published in
Physical Therapy in Sport

Figure 1. Thesis framework

41

Chapter 4
“Comparison of Multiple Hop Test
Kinematics Between Force-Platforms and
Video Footage: A Cross-Sectional Study”

Chapter 6
“Do Outcome or Movement Strategy
Variables Provide Better Insights into
Asymmetries During Multiple Hops?”

Chapter 9

“Optimising Multiple Hop Testing: Practical
Insights and Performance Implications in
Physical Assessment and Training Design”

In Review

Published in Published in
International Journal of Kinesiology and Biomechanics
Sports Science
Chapter 7

“Using Multiple Hop Assessments and
Reactive Strength Indices to Differentiate
Sprinting Performance in Sportsmen”
Published in
Applied Sciences

Chapter 10

Summary and Future Research Directions




CHAPTER 2: USING SMARTPHONES FOR JUMP
DIAGNOSTICS: A BRIEF REVIEW OF THE VALIDITY AND
RELIABILITY OF THE MY JUMP APP

This chapter comprises the following paper published in the Strength and Conditioning Journal.

Reference:

Sharp, A.P., Cronin, J.B., & Neville, J. (2019). Using Smartphones for Jump Diagnostics: A Brief Review

of the Validity and Reliability of the My Jump App. Strength and Conditioning Journal, 41(5), 96-107.

2.0 Prelude

One of the main findings and concluding statements from Chapter 1 was that researchers were
primarily focused on reporting total distance only, and that “the quantification of the TH test by
means other than simply through distance measures may improve the utility of the test.” Capturing
and analysing such information is usually expensive and laboratory-based. However, advances in
commercial smartphone technology have increased their use in sports performance and medical
settings for biomechanical analysis. Still, the accuracy and sensitivity of this technology for
monitoring jump/hop performance are largely unknown. Therefore, this review of the literature
aimed to assess the accuracy, sensitivity, reliability, and validity of smartphone video, as well as its

potential usefulness in improving jump/hop diagnostics.
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2.1 Introduction

The use of various bilateral and unilateral jump or hop-based tests are common in athletic profiling
as they resemble ballistic movements from sports performance such as jumping and sprinting. The
proficiency of these movements is paramount for athletic success [9] and have strong correlations
as such with tasks including sprint performance [5, 15, 68, 75, 83, 162] and multi-directional speed
[98]. Vertical and horizontal-based tests invariably only require the use of a tape measure to record
jump distance or height achieved during each trial, or a basic contact mat to measure flight time.
However, the potential to capture the kinematic and kinetic characteristics of each trial and describe
how an athlete achieves their jump performance, which in the simplest of terms is defined by
distance or height achieved, could also be of significant value in determining athletic potential.
Capture of such information usually requires the use of expensive laboratory-based equipment such
as force platforms [160], motion capture systems [160], pressure sensors [33], or photocell

technology (Optogate™) [101], as well as a high level of training to analyse the output data.

The use of 3-dimensional (3-D) video motion analysis is the gold standard for use in assessing the
quality of jumping and landing tasks. However, the use of low-cost two-dimensional (2-D)
smartphone or tablet video technology integrated with low-cost biomechanical analysis
applications could provide valid and reliable access to high levels of data captured outside of a
laboratory environment [10, 14, 70, 72] and a more affordable and more readily available solution.
The current market is flooded with applications such as Jumpster, myVertical and Vertical Jump
Calculator that utilise the inbuilt accelerometers and gyroscopes within a smartphone. Recent
technological advancements in mobile phone video technology, and specifically the availability of
high frame rates and screen resolutions in smartphones, has resulted in an exponential increase in

their use in sports performance, health, wellness, and in medical cohorts. Applications such as
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What’s My Vertical, My Jump and its later release My Jump 2 utilise this video technology to derive
various jump diagnostics in several different assessments. This brief review of the literature will
determine the accuracy of smartphone video, the reliability and validity of these variables in jump
diagnostics and will provide some practical insight, cautions and recommendations for its use in

jump diagnostics for the strength and conditioning practitioner.

2.1.1 My Jump Smartphone Application

A review of the literature showed a distinct lack of studies in this area, and as such only six studies
were included for review (Table 1). All six studies pertained to a proprietary smartphone application
called My Jump and its later upgraded release My Jump 2 which has the capability to assess several
jump-based tests; vertically orientated jumps (CMJ, squat jump - SJ, drop jump - DJ) and horizontally
orientated jumps (standing long jump), as well as a function for force-velocity profiling and tests for

asymmetry (Figure 2).
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Table 1. Studies investigating the accuracy, reliability and validity of smartphone video for jump diagnostics

Author Profile (sex, age + SD, body Objective/Technology Variables Validity Reliability
mass, height)
Balsalobre- n = 20 male recreational active =~ To determine the concurrent validity cMm) Against force platform 1000 Hz Within (intra) session (subject):
Fernandez et al. students, age 22.1 + 3.6 years, and reliability of an iPhone 5s (jump height) r=0.995 Tester 1: o =0.997, CV = 3.4%;
[10] body mass 74 + 10.4 kg, height ~ application (My Jump) integrated Tester 2: 0. =0.988, CV = 3.6%
1.81+0.8m. high-speed camera (120 fps, 720 p) for
measuring vertical jump performance. Within (intra) session (device):
ICC=0.997
Between tester (inter-rater):
ICC=0.999
Carlos-Vivas et n = 40 active students; 29 male, To determine the validity of iPhone 6 cMm) Against force platform at 1202 Within (intra) session (device):
al. [31] 11 female, age 21.4 + 1.9 years, application (My Jump) with integrated  (jump height) Hz ICC=0.983
body mass 68.7 + 8.4 kg, height  high-speed camera (240 fps, 720 p) for My Jump / Time in air method
1.74 £ 0.07 m. measuring vertical jump performance. ICC=1.000, a =1.00
My Jump / Velocity at take-off
method ICC = 0.996, a = 0.996
Driller et al. [51] n = 61 various athletic ability To determine the concurrent validity cMm) Against force platform at 200 Hz ~ Between tester (inter-rater):
(active-high trained); 30 male, and reliability of iPhone 6s application  (jump height, flight Jump height r =0.96 (0.96 — Jump height: CV =5.8%, TEE=1.4
31 female, age 20 + 4 years, (My Jump) integrated high-speed time) 0.97), mean bias 0.9+ 0.2 cm, c¢cm, ICC=0.97
body mass 76.4 + 15.2 kg. camera (240 fps, 720 p) for measuring TEE=9.7%
vertical jump performance. Flight time r = 0.96 (0.95 —0.97),
mean bias =8 + 5 ms, TEE = 19
ms
Gallardo-Fuentes  n =21; 14 male track and field To determine inter and intra-session 40-cm DJ Against contact mat Within (intra) session (subject):
etal. [61] athletes, 7 female track and reliability and validity of an iPhone 6 (jump height) 40-DJ male r=0.99 40-DJ male a =0.96, CV =6.05 —
field athletes, age 22.1 £ 3.6 application (My Jump) integrated 40-DJ female r=0.97 - 0.98 6.57 %
years, body mass 74 + 10.4 kg, high-speed camera (240 fps, 720 p) for CMJ 40-DJ female a =0.94, CV =5.20 —
height 1.81 + 0.8m. measuring various jump actions in (jump height) CMJ male r=0.99 6.06 %
trained male and female athletes. CMJ female r=0.97 - 0.98 CMJ male a=0.99, CV=4.38-4.64
SJ %
(jump height) S male r=0.99 CMJ female a =0.99, CV =4.59 —

SJ) female r=0.96 - 0.98

7.60 %
SImalea=0.97,CV=5.35-5.63%
SImale a=0.98, CV = 3.77 - 5.48%

Within (intra) session (device):
40-DJ male ICC =0.99, female ICC =
0.98 -0.99

CMJ male ICC = 0.99, female ICC =
0.98
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SJ male ICC = 0.98- 0.99, female ICC
=0.97-0.98

Between (inter) session:

40-DJ male r=0.84, femaler=0.76
CMJ male r=0.93, female r = 0.86
SJ male r=0.82, female r=0.93

Haynes et al. [72] n =14 male sports-science
students, age 29.5 + 9.9 years,
body mass 81.4 + 14.1 kg,

height 1.78 £ 0.1 m.

To determine the validity and
reliability of an iPhone 6 application
(MyJump-2) with integrated high-
speed camera (240 fps, 720 p) for
measuring reactive-strength (RSI) and
drop-jump performance.

20-cm DJ

(RSI, jump height,
contact time, mean
power)

40-cm DJ

(RSI, jump height,
contact time, mean
power)

Against force platform at 1200
Hz

20-DJ RSI r =0.938; jump height r
=0.812; contact time r = 0.963;
mean power r = 0.655

40-DJ RSI r =0.969; jump height r
=0.959; contact time r = 0.981;
mean power r =0.571

Within (intra) session (subject):
20-DJ RSl a=0.98, CV=6.71%
40-DJ RSl o =0.99, CV =10.32%

Within (intra) session (device):
20-DJ RSI ICC = 0.954, jump height
ICC = 0.803, contact time ICC =
0.986, mean power ICC = 0.507
40-DJ: RSI ICC = 0.983, jump height
ICC = 0.958, contact time ICC =
0.920, mean power ICC = 0.568

Stanton et al.
[154]

n = 29 recreationally active; 10
male, 19 female, age 26.41 +

5.36 years, body mass 72.62 +
12.91 kg, height 1.72 £ 0.78 m.

To determine concurrent validity and
intra-rater reliability of an iPhone 6s
application (My Jump) with integrated
high-speed camera (240 fps, 720 p)
against force platform measurements.

30-cm DJ
(jump height)

CcMlJ
(jump height)

Against force platform at 1000
Hz

30-DJ r=0.999

CMJ r=0.998

Within tester (intra-rater):
30-DJ ICC=0.99
CMJICC=0.99

Within (intra) session (device):
30-DJ ICC=0.99
CMJICC=0.99

Key: ICC = intraclass correlation coefficient; CV = coefficient of variation; TEE = typical error estimate
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ull 2degrees = 10:58 AM

@ My Jump 2 @

Verticaljump

Horizontal jump

Force-velocity.profile

Asymmetry test

Figure 2. The My Jump 2 application interface

Each of the tests provide several output variables depending on the test relating to athletic
performance, including jump height (cm), flight time (ms), velocity (m.st), force (N), power (W),
reactive strength index (RSI). The integrated high-speed camera in the iPhone is used to capture
each jump, and frames are used to compute time and all subsequent variables by using
predetermined leg length and the subject’s mass. Total flight time is measured by manually selecting
the first video frame where the subject loses contact with the ground (take-off), and a second frame

when the subject regains contact with the ground (point of landing) (Figure 3). The integrated high-
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speed camera technology in the smartphone for each of the studies reviewed was dependent on
the model, varying from 120 frames per second (fps) 720p in the iPhone 5s, to 240fps 720p in the

iPhone 6s.

wll 2degrees = 10:47 AM % wll 2degrees 11:33 AM

10:49 AM

Cancel My Jump 2 Cancel My Jump 2

24.85

Jump height (cm)

450 110

Flight time (ms) Velocity (m/s)

1,095.36 1,209.36

Force (N) Power (W)

S

Take-off Landing Take-off Landing

Figure 3. Screenshot of My Jump 2 CMJ assessment and variable output

2.1.2 Determining Validity and Reliability of the Practical Measure

It is important that the strength and conditioning practitioner has established the levels of both
reliability and concurrent validity for a technology or device (practical measure) before deciding
whether to use it in their practice. Concurrent validity reflects the ability of a practical measurement
tool to accurately detect what it is designed to measure [7] when compared to a criterion value,
which is normally measured using a ‘gold-standard’ device. In this case the practical measure being
jump height, flight time, contact time, mean power and RSI from the My Jump application on the
iPhone, and those from criterion measures, which in this case were measured using a force platform

[10, 31, 51, 61, 72] or contact mat [154].
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When comparing both practical and criterion measures for validity, both qualitative (scatterplots)
and quantitative (linear regression) assessments provide a useful understanding of the relationship
between the two sets of data [77]. Use of a linear regression will determine any fixed or proportional
bias in the practical measure but would assume that there is no error in the measurement of the
criterion. Where there is a possibility of error in the measurement of the criterion, but both sets of
data are measured in the same units, the use of Bland-Altman plots could be more suitable than a

regression analysis.

Measures of reliability determine the consistency of a test measurement and its reproducibility
[164] on multiple occasions, an extremely important criterion when profiling athletes and
monitoring performance over time. For a comprehensive understanding of consistency, measures

of both absolute and relative reliability should be determined [7].

Absolute consistency refers to the stability of measures and the typical variation within individuals
and is determined using the coefficient of variation (CV), which is typically reported as a percentage
of the mean, SEM, or as Cronbach’s a coefficient (a measure of internal consistency). It is generally
accepted that a CV of less than 10% shows a good level of agreement [7]. A Cronbach’s a coefficient
level of > 0.7 or < 0.9 is generally accepted as good, and an a level 2 0.9 is accepted as excellent

[126].

Relative consistency refers to the reproducibility of rank order or position between methods or over
time and is determined using ICCs, or less favourably a Pearson correlation coefficient (r), the latter
being a measure of correlation and not agreement. A measure of reliability should reflect both
correlation and agreement and ICCs are an appropriate method for determining this [87]. Koo and

Li [87] suggest the magnitude of a correlation coefficient is as follows; < 0.5 are indicative of poor
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reliability, values > 0.5 and < 0.75 indicate moderate reliability, values between > 0.75 and < 0.9

indicate good reliability, and values > 0.90 indicate excellent reliability.

Each measure of consistency has a degree of error which needs to be understood when interpreting
the data so that the practitioner can understand what changes are meaningful. This degree of error
can be due to either biological error (subject-related factors), technological error (apparatus) or
tester error, and are either systematic (due to fatigue or a learning effect) or random chance
(biological variability, alertness). They are evident as either a constant (affects all scores equally) or
as a bias (only affects certain scores) [164] in which case a log transformation is required before

analysis [77].

Of the six studies in this review all reported measures of absolute consistency using CVs (five
studies), Cronbach’s a coefficient (five studies), and Bland-Altman plots (six studies). Measures of
relative consistency were reported using ICCs (six studies) and Pearson correlation coefficients (two
studies). The application of these statistics differed between studies depending on the study

approach; within-session, between-session and between-tester.

2.1.3 Jump Height

Jump height is the most widely used and practical variable used to assess an athlete’s ability to
produce force rapidly [108], and its context is dependent on the test used, whether it is from a static
position (SJ) utilising a slow stretch shortening cycle (CMJ) or a rapid stretch shortening cycle (DJ).
Jump height is calculated by My Jump from flight time using Equation 1 from Bosco et al. [24] where
h is the total displacement of the centre of gravity in meters (height jumped); t is total flight time in

seconds; g is the acceleration due to gravity (9.81 m.s).
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g-t2
8

Jump Height (h) = t2 X 1.22625 or

Equation 1. Jump height calculation using flight time

The criterion method for assessing jump height is a force platform and can be derived using either
the flight time method [10, 31, 51, 61, 72, 154] or by calculating jump height using the velocity at
take-off on the force platform [31] as described by Ferragut et al. [56] in Equation 2, where h is the
total displacement of centre of gravity in meters (height jumped); Vd is the model of vertical velocity

at take-off in meters per second; g is the acceleration due to gravity (9.81 m.s2).

Height (h _ Vaz
Jump Height (h) = 29

Equation 2. Jump height calculation using take-off velocity

Five studies have investigated the concurrent validity of CMJ height with either force platforms [10,
31, 51, 154] or with a contact mat [61]. All five studies used the flight time method [24] for the
calculation of jump height and supported the concurrent validity of CMJ height with criterion values
(r=0.96 - 0.995; force platform, r = 0.97 - 0.99; contact mat). One study [31] also investigated the
concurrent validity of CMJ heights from both the flight time method and the velocity at take-off
method [56] using a force platform, showing a perfect correlation with total flight time (ICC = 1.00)
and a very high correlation with velocity at take-off (ICC = 0.996). The researchers did however show
a systematic bias between the My Jump and force plate measures, and an overestimation of jump
height from the application of 0.78% when compared to the velocity at take-off method. One
possible explanation they had for this was the differences in sampling frequency between the
smartphone video (240 Hz) and the force platform (1202 Hz). This study also showed no substantial

differences for concurrent validity between male and female cohorts performing CMJ [61].
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CMJ height of males (CV = 3.4 — 4.64 %) however shows more within-session absolute consistency
than their female counterparts (CV = 4.59 - 7.60 %) at both 120 fps and 240 fps using the My Jump
application [10, 61]. This greater variability within females might be a function of the group size
(only 7 of the 41 subjects) and the athletic profile variation (3 sprinters, 3 long distance runners, 1
thrower), but that contention would need further investigation. Greater variability was seen with
DJ (CV =5.20-10.32 %), the highest variability related to the height of the drop (40 cm) and training
background of the subjects, i.e. sport science students [72]. Given the greater technical and physical
demands associated with the drop jump, the increase in variability is likely a reflection of biological

variability rather than technological.

Both male and female jump heights showed excellent levels of internal consistency (o =0.94 - 0.997)
during CMJ [10, 61], SJ [61] and 40 cm DJ [61]. Within-session relative (rank order) consistency of
the My Jump application has also shown to be excellent (ICC = 0.97 — 0.997; force platform, ICC =
0.983 - 0.997; contact mat, ICC = 0.98 - 0.99) for CMJ heights between My Jump and force platform
[10, 31, 51, 154] and contact mat [61], and with no substantial differences observed between male
and female cohorts [61]. There were also similar findings for SJ (ICC = 0.97 — 0.99), 30 cm DJ (ICC =
0.99), 40 cm DJ (ICC = 0.958 — 0.99), and good relative consistency for 20 cm DJ (ICC = 0.803) [61,

72].

It is important for practitioners to ensure rater consistency when selecting the correct frames in
detection of jump heights across multiple sessions when following the protocol for the My Jump
application. A single study [154] has investigated the intra-rater reliability of determining jump
height and reported near perfect agreement in rank order consistency (ICC = 0.99) of 116 video trials
for both 30 cm DJ and CMJ seven days apart. However, it should be noted that measures of jump

height on day one were consistently higher than those measured again on day 8 for both the CMJ
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and DJ. Further analysis showed that these mean differences were only 0.38 to 0.43 cm for both
tests, an error most likely caused by identifying a single video frame difference for either the take-

off and/or landing.

Inter-rater reliability refers to the ability of two or more raters to quantify a measure accurately and
is especially important when there are some subjective aspects to the assessment procedure. In
the case of the My Jump and My Jump 2 application, the point of take-off and landing must be
manually selected, and hence it is important to determine the variability if different users were to
use the technology. Only one study [51] has reported absolute inter-rater reliability (CV = 5.8%)
using smartphone technology. Only two raters/researchers were used in this study to rate 50 jumps,
and it would be interesting to note the magnitude of variability (CV) if more raters were used and/or
raters that did not have a sport science/research background. Inter-rater reliability needs to reflect
the variation associated with end users of the technology, and as such, a broader cohort of raters

indicative of potential end users is recommended.

Balsalobre-Fernandez et al. [10] reported excellent levels of relative inter-rater reliability (ICC =
0.99) indicating almost perfect agreement between two raters. Of note was that both raters were
completely independent of the study design and as such were likely less skilled in the use of the My
Jump application compared to the researchers, reporting on average only a difference of
approximately 1 mm. Driller et al. [51] also found small differences between raters assessing the
same video footage (TEE = 1.4 cm). It would seem from the results in this section that the

smartphone video technology can be used reliably by multiple users to determine jump height.

A major limitation in the methodological approaches taken by the authors is the absence of any

time series reliability over repeated testing occasions. Only one research group determined relative

53



stability over two testing occasions [61], reporting high positive to very high positive correlations (r
=0.76 — 0.93) between measures on two separate testing sessions 48 hours apart for jump height
in CMJ, SJ and 40cm DJ in a mixed sex group. The researchers took care to reduce any biological
error by testing at the same time of day, wearing of the same sports clothing, jumping on the same
surface, and tested by the same researchers. Subjects were also instructed to refrain from any hard
physical training between sessions, however due to the background of the subjects (high-level track
and field athletes), abstinence from training was highly unlikely, and the absence of a third testing
day meant that determination of any trends pertaining to systematic error was not clear. Also of
interest was the use of a Pearson correlation coefficient rather than an ICC. The former statistic
overestimates the true correlation for small sample sizes (less than ~ 15), whereas the ICC does not
have this bias with small samples [76]. There is no doubt that further investigation with appropriate
statistical methods is needed to elucidate the relative test-retest reliability of measures used by

smartphone video in the assessment of jump performance.

2.1.4 Power

Power relates to the ability of an athlete to produce force rapidly [106]. Only moderate correlations
have been observed (r = 0.571 - 0.655) for mean power derived using the My Jump application
compared to a criterion values measured directly from force platforms during both 20 cm and 40
cm DJ assessments [72]. This is not unexpected given the error in calculating mean power from jump
height rather than the direct measurement of force from a platform [71]. The same study also
showed moderate within-session relative consistency (ICC = 0.507 - 0.568) for mean power during
DJ performance. In this study mean power was calculated from body mass, jump height and vertical
push-off distance (a predetermined distance measured using an assumed countermovement depth)
[135]. The variability in mean power derived from direct measures on the force platform versus

computed measures indirectly from the My Jump application must be due to variations in jump
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strategy or inaccurate measures of effective mass. Subject mass does not change between trials,
and flight time has been shown to be extremely reliable, so variability in vertical push-off distance
and effective mass, both due to jump strategy, must be affecting the mean power outputs. Caution
should therefore be taken when reporting mean power during drop jump performance using the

My Jump application.

2.1.5 Reactive Strength

RSI explains the capacity for an athlete to produce maximal concentric force immediately preceded
by a rapid eccentric action in minimal time, and is often described using the ratio between height
jumped and the contact time during drop jumps [106]. DJ variations provide a practitioner to assess
these qualities due to their nature of a rapid eccentric load during landing immediately followed by

an explosive concentric jump. Both contact time and subsequent flight time can then be measured.

Very high positive correlations (r = 0.96 — 0.98) have been seen in ground contact times for 20 cm
and 40 cm DJ using My Jump and force platforms [72], and for the derived RSI (r = 0.938 — 0.969)
[72]. Excellent within-session reliability in RSI (ICC = 0.954 — 0.983) and contact time (ICC = 0.920 -
0.986) was also seen [72]. You could assume similar levels of validity and reliability for contact time
and RSI for 30 cm DJ, although this was not determined [154]. This purports to the fact that faster
SSC movements such as DJ measuring contact times and RSI, as well as slower SSC movements can
be accurately measured using the My Jump application. This is understandable as they are both

derived from time-based measures.

2.2 Discussion

The purpose of this brief review was to determine the level of reliability and validity of certain

measures of jump performance using smartphone video technology and specifically the practical
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applications and limitations of a proprietary application called My Jump. The availability of high-
speed video technology such as that found in smartphones, with integrated applications such as My
Jump have made the measurement of vertical jumps easier to perform and provides an extremely

practical way of assessing and monitoring athlete performance in the field.

A total of 185 subjects (63% - 117 male; 37% - 68 female) were included in the six studies under
review, with an average age of 22.5 + 5.4 years, body mass 74 + 13 kg and height 1.76 £ 0.6 m. Five
of the six studies included subjects who were described as ‘recreationally active’ for the most part,
with only a single study describing athletes of a sub-elite to elite nature (n = 21; 14 male, 7 female)
[61]. It could be assumed that those subjects who were not highly trained (88.6 % of subjects) did
not regularly perform jump training and therefore their movement proficiency in such tests could
be questionable. Consequently, there is a greater potential for within-session biological variation
and between-session systematic error due to possible familiarisation, fatigue, the effect of learning,

anatomical variations, time of the day, and the subject’s level of training.

All six studies reviewed measured performance in vertically orientated jumps, although the most
recent release of My Jump now includes bilateral horizontal jump measurement of distance there
is currently nothing in the literature to support its level of validity or reliability. Further
developments in the use of smartphone video technology could provide insight into horizontally
orientated unilateral assessment of reactive strength such as multiple hops in series. Such
assessments would require determination of both reliability and validity at greater distances than
those reviewed in current studies (approximately 1-2 m distance from the device) to determine the

accuracy and consistency of measures of ground contact and flight time.
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2.2.1 Improvements in Smartphone Video Technology

With the improvements and evolution of smartphone video technology in the commercial
marketplace the resulting question is; does higher frame rate and resolution improve levels of
reliability or validity in jump variables? Balsalobre et al. [10] suggested that a smartphone such as
the iPhone 5s, which captured video at only 120 fps, may miss either the take-off or landing frame,
and that longer flight time errors in measurement would be exacerbated due to the equation for
jump height being flight time squared. They suggested that improvements in future technology
might mean improved validity, however no significant differences have been seen in either validity
or reliability since the release of the iPhones 6 and 6s which record at 240 fps and 720 p and levels
of agreement remain high [61]. Further improvements in resolution to 1080 p since the release of
iPhone 7 in September 2016, to the most recent release of the iPhone X could further increase
detection of key timing events and reduce some of the bias evident. The release of My Jump on
Android has also increased further potential with devices such as the Sony Xperia with capability to
capture slow-motion video in 1080p at 960 fps, and advancements in gesture and movement
recognition software in smartphones may provide even further uses of these practical devices in a

field-based setting.

2.2.2 Limitations

It seems that smartphone video technology with an integrated biomechanical assessment
application shows a promising level of reliability and validity across a range of jump tests and
populations. Table 2 highlights the practical uses of various jump assessments, smartphone
specifications, jump variables and their associated levels of validity and reliability, along with several
methodological limitations or precautions for their use. The primary limitation of concern is an

absence of authors reporting test-retest reliability of this technology as the use of within-session
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reliability is of limited value, and understanding the variability associated with using the technology
over multiple testing sessions would seem more important. Further research is therefore needed to
determine the stability of the smartphone technology in quantifying jump performance over time.
Whilst within-session reliability gives some indication of the reliability of measures, its utility is
rather limited as in most cases the researcher and practitioner are interested in repeated use of a
device/testing protocol over time, e.g. weeks and months. The within-session reliability reported
in the papers reviewed gives no insight into the stability of the technology over time and as such is
a major limitation of the methodological approaches taken by the authors of these studies. This
within-session limitations could have been mitigated if a between-session/test-retest design was
adopted in tandem with the within-session analysis. However, only one research group has taken
such an approach over two testing occasions [61], and the researchers did not report any measure

of absolute consistency.

A limitation of this study is that more than two testing sessions are needed to determine systematic
error in a data set, e.g. if there is an increase in the mean between two testing occasions, it is difficult
to understand whether there will be a continued increase or a plateauing effect without a third
testing occasion. Further research is certainly needed to quantify absolute consistency across

multiple testing occasions to truly understand the stability of smartphone measures of jump height.
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Table 2. The reliability and validity of iPhone technology with an integrated My Jump app in assessing jump variables

Variable Technology Validity Reliability Cautions
cMm) Jump height iPhone 5s Very high  Within session (subject) - Good [10] Increased variability with female populations [61]
120fps 720p [10] Within session (device) - Excellent [10]

Internal consistency (subject) — Excellent [10]

Inter-rater — Excellent [10]

iPhone 6 Very high  Within session (subject) - Excellent [61] Significant systematic bias (overestimation) between My
240fps 720p [31, 61] Between session — Good to Excellent [61] Jump and take-off velocity method from force platform
Within session (device) - Excellent [31, 61] of 0.78%

Internal consistency — Excellent [61]

Inter-session — High to Very High [61] Test re-test reliability only over two occasions
iPhone 6s Very high  Within session (device) - Excellent [51, 154] Overestimation of My Jump at high heights
240fps 720p [51, 154] Intra-rater — Excellent [154] Underestimation of My Jump at low heights

Flight time iPhone 6s Very high  Not determined
240fps 720p [51]
S Jump height iPhone 6 Very high  Internal consistency — Excellent [61]
240fps 720p [61] Within session (device) - Excellent [61]
Inter-session — High to Very High [61]
20-cm D) Jump height iPhone 6 High [61] Within session (subject) - Good [72]
240fps 720p Within session (device) - Excellent [72]
Reactive strength Index iPhone 6 Very high  Within session (device) - Excellent ([72]
240fps 720p [72]
Contact time iPhone 6 Very high  Within session (device) - Excellent [72]
240fps 720p [72]
Mean power iPhone 6 Moderate  Within session (device) — Moderate [72] Caution reliability within session
240fps 720p [72]
30-cm DJ Jump height iPhone 6s Very high  Within session (device) - Excellent [154] Underestimation of My Jump across all scores
240fps 720p [154] Intra-rater — Excellent [154]
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40-cm DJ

Jump height iPhone 6 Very high  Within session (subject) - Moderate (16)
240fps 720p [61, 72] Internal consistency — Excellent [61]
Within session (device) - Excellent [61, 72]
Inter-session — High [61]
Reactive strength Index iPhone 6 Very high  Within session (device) - Excellent [72]
240fps 720p [72]
Contact time iPhone 6 Very high  Within session (device) - Excellent [72]
240fps 720p [72]
Mean power iPhone 6 Moderate  Within session (device) — Moderate [72] Caution reliability within session
240fps 720p [72]
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2.2.3 Important Considerations and Practical Applications

There is a distinct lack of studies pertaining to the validity and reliability of smartphone applications
for jump diagnostics, and as such only the My Jump application has been highlighted at any length.
As previously stated, it is extremely important as a strength and conditioning practitioner when
deciding what jump diagnostics are suitable for physical profiling and monitoring of your athletes
that they have a good level of validity and reliability. The My Jump application shows very high levels
of both as a practical measure in field-based assessments across a number of key variables including
jump height, flight time, contact time and RSI. The application also extremely easy to use on court,
in the weight room, on the field and it does not matter what model of iPhone is being used or the

user as long as the protocol is being followed.

The assessment of DJ performance using My Jump is one assessment that should be used with
caution, as jump height was less consistent than CMJ and SJ heights. This was most likely due to the
biological variation associated with the drop jump which is more technically and physically
demanding for a subject population of sports science students that may not have been familiar with

the test [72].

The validity and reliability of calculated mean power from DJ is also questionable and as such should
be utilised with caution. This poor agreement and stability is possibly due to the way it is calculated
and the potential for variation in jump strategy affecting its calculation. Further studies are needed
to determine the utilisation of mean power in an athletic population that are familiar with DJs of

varying intensities.

It is clear however that the evidence is very strong to support the use of the My Jump and My Jump

2 application for assessing jump performance across a variety of subjects, from an active student
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population to highly trained international-level track athletes, and this is important to note as the

subjects and end user populations closely reflect the potential end users of the technology.

62



CHAPTER 3: VIDEOGRAPHIC VARIABILITY OF TRIPLE AND
QUINTUPLE HORIZONTAL HOP PERFORMANCE

This chapter comprises the following paper published in the Journal of Sports Rehabilitation.

Reference:

Sharp, A.P., Neville, J., Diewald, S.N., Oranchuk, D.J., & Cronin, J.B. (2024). Videographic Variability
of Triple and Quintuple Horizontal Hop Performance. Journal of Sports Rehabilitation, 33(7), 570-

581.

3.0 Prelude

From Chapter 1 it was stated that multiple hop testing, particularly the QH, was a test that "for all
intents and purposes had undergone little scrutiny and therefore would benefit from a great deal
of research focus, for example, in determining validity, reliability, and sensitivity.” In Chapter 2, it
was concluded that all smartphone data up to the time of the review measured performance in
vertically oriented jumps; however, it was believed that smartphone technology could offer useful
insight into the horizontal, unilateral assessment of reactive strength, such as multiple hops in
series. Another limitation identified in Chapter 2 was the absence of authors reporting the test-
retest reliability of this technology. The use of within-session reliability was considered of limited
value, and understanding the variability associated with using the technology across multiple testing
sessions appeared more important. Given these limitations, further research was clearly needed to
assess the stability of smartphone technology in quantifying hop performance over greater

distances than those previously reviewed. Specifically, this chapter aimed to determine the
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between-rater, within-rater, and test—retest variability of the temporal events in multiple horizontal

hop tests.

3.1 Introduction

Physical profiling of the lower limbs is common practice within performance and rehabilitative
settings as the development of desirable neuromuscular qualities has shown to be an integral part
of athletic success [9, 35, 98, 171] and has strong relationships with determinants of acceleration
[68, 79, 117, 119, 121] and maximal velocity [117, 119, 167]. Testing batteries typically involve
bilateral vertical jumps to assess ballistic force outputs [12, 108]. Paradoxically, field and court-
based sports require high-velocity multi-planar motion in an asymmetric or unilateral-cyclical
fashion, such as sprinting, cutting or changing direction. Furthermore, the structural stretch-loads
on the musculotendinous system are high and usually performed at high velocity (i.e., fast stretch-
shortening muscular actions). Complementary changes in spatiotemporal variables such as ground
contact, flight times and resultant step frequencies strongly correlate with athletic performance,
particularly sprinting characteristics [119, 120, 129]. Thus, it is essential to adopt assessments
describing the required elements of these physiological-mechanical qualities. The utility of multiple
hops in series (e.g., TH and QH) has been discussed previously [80, 155]. Briefly, multiple horizontal
jumps in series are used to assess total body power and landing mechanics, while also valuable for
determining inter-limb asymmetries and RTS status [155]. Additionally, performing these jump
types with and without the use of arms can help assess total body versus lower limb qualities [155].
Repeated horizontal jumps appear to have face or logical validity, as the demand and skill required
for their success closely resemble field and court-based sports involving high velocity, cyclical
expressions of unilateral propulsive and braking forces. Evaluating athlete capacity for the

spatiotemporal characteristics of these tests through assumption could have strong diagnostic
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potential for physical performance. However, the absolute and relative consistency of temporal
event detection using video for dynamic tasks such as multiple hops in series is not determined and

requires further investigation.

The diagnostic value of low-cost 2-D smartphone or tablet video technology for field-based
assessments, integrated with low-cost or open-source digitising software, can provide meaningful
information to researchers and practitioners outside of a laboratory [10, 14, 61, 70, 72, 80, 128],
and has become increasingly accessible [127]. If valid and reliable, smartphone video can provide
high practicality in performance settings by offering greater affordability and practicality than 3-D
motion analysis. Recent advancements in mobile phone technology (e.g., high frame rates and
screen resolutions) have resulted in an exponential increase in their use in sports performance,
health, wellness, and medical cohorts and show promising levels of absolute and relative
consistency and concurrent validity across populations when deriving jump heights from temporal

events of vertically orientated jumps [10, 31, 51, 61, 72, 127, 128, 148, 154].

The absolute and relative consistency and the utility of multiple hop protocols have previously been
discussed [155] in which the authors highlight the value of hop testing protocols in athletic
performance testing batteries. Hop-based testing in injury rehabilitation is common in the
literature, but such performance tests are seldom assessed via video-capture, but simply by jump
distance. Six studies have reported absolute and relative consistency of tape measure assessed jump
distance during multiple hop protocols with athletes (CV = 1.8-1.9%, ICC = 0.80-0.98) [23, 69, 103,
115, 122, 132]. However, to our knowledge, no studies have investigated the consistency of video
for detecting temporal parameters (timing events) of multiple hops. Instead, previous investigations
have focused exclusively on vertically orientated jumps [10, 31, 51, 61, 72, 128, 154]. These vertical

jump studies reported excellent within-session consistency (CV =4.6-7.6%, ICC =0.97-0.997), within-
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rater rank order consistency (ICC = 0.99), and between-rater absolute and relative consistency (CV
=5.8%, ICC=0.97-0.99) [10, 31, 51, 61, 72, 128, 154]. There have been limited reports of test-retest
consistency of video-graphic jump-based testing. Only a single study reported variability over two
testing occasions and showed good levels of relative consistency (r = 0.76-0.93) [61]. Understanding
the variability associated with repeated video technology/device use over multiple testing sessions
would seem more robust and practically meaningful for determining performance changes and
rehabilitative progress. Therefore, this technical report aimed to determine the between, within-
rater, and test-retest variability of TH and QH temporal events using affordable and accessible video
capture (iPad Pro) and digitising (Kinovea 0.8.27) products. If found reliable, such technology could

provide a practical means of quantifying temporal events in field-based assessments.

3.2 Materials and Methods

3.2.1 Experimental Design

Temporal variability parameters were determined by testing nine male athletes over three testing
occasions separated by at least three days. A single rater repeated the analysis of the first day on
two more occasions seven days apart to determine within-rater variability. Six raters were assigned
to detect all associated temporal events from the same video footage to determine between-rater
variability. A single rater also analysed video from days 1, 2 and 3 to determine the test-retest
variability of the hopping tasks. All variability measures were calculated in the same way, with
percentage change in the mean, CVs and ICCs calculated between testing and analysis occasions to

assess the stability of measures.
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3.2.2 Participants

Nine male athletes (20.8 + 1.3 years, 71.4 + 9.8 kg and 171.7 + 4.5 cm) volunteered to participate
across various university sports teams and clubs (kendo, baseball, rowing, long jumping). We
required all participants to be healthy and injury-free at the time of testing. Potential participants
were excluded if they had significant historical injuries (e.g., previous ruptures or tears to major
tendons or ligaments [Achilles, ACL]), regardless of post-injury training time. Study procedures
followed the Declaration of Helsinki, and study ethical approval was granted by the Auckland
University of Technology review board (Appendix I). Informed voluntary consent was attained
before inclusion in the study (Appendix IV). Body mass was measured to the nearest 0.1 kg, and
height was measured according to the methodology set out by the International Society for the
Advancement of Kinanthropometry [123] on a digital scale and stadiometer (Tanita DC-217A, Tokyo,

Japan).

3.2.3 Procedures

Multiple Hop Protocol

A familiarisation session occurred three days before the first testing session, including a
standardised warm-up protocol and familiarisation with both TH and QH protocols. Testing
procedures were replicated on three occasions, separated by 3-5 (3.7 + 0.47) days, and completed
on a synthetic indoor track surface. The duration between testing sessions was dictated by the
athlete's training and playing schedule to account for physical readiness and recovery. Each session
began with a standardised 10 min warm-up involving dynamic flexibility exercises for upper and
lower limbs to increase core body temperature. The warm-up concluded with explosive bounding
movements and progressive sprinting to replicate testing demands. The testing procedure began

within five minutes of warm-up cessation.
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After the standardised warm-up, each multiple hop trial started with the subject balanced on their
trial leg before propelling themselves forward for the required number of contacts and subsequent
landing. The TH and QH test protocols consisted of an initial single leg jump immediately followed
by two, and four hops on the same leg followed by a double foot landing, respectively (Figure 4).
Participants were cued to "reach the furthest horizontal distance in the fastest time possible".
Contacting the ground with a hand post-landing was permitted if the movement did not result in
further steps forward. Upper limb motion was allowed during the hops, replicating motor patterns
associated with athletic activities. Three trials for TH and two for QH were completed for both
dominant (DOM) and non-dominant (NDOM) limbs in a randomised order. Limb dominance was
determined by asking participants which leg they would kick a ball with. All trials were separated by

two minutes of passive rest.

(A)
Right foot total
Start distance
| |
T — Nig D
1
- - . ! -
: : iPad mounted on tripod
1 1| 14m from start
[ 1
(B)
Right foot total
Start distance

[ ]

iPad mounted on tripod
1 19m from start

TS i N L e W L N L W

Figure 4. Experimental set-up and jump sequence for (A) TH and (B) QH horizontal hop

Videographic data was captured via an iPad Pro (Apple, USA) at 1080 p and 120 fps. The iPad was
secured to a tripod at approximately 30 cm height from the ground and positioned at 14 m and 19
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m from the start line directly in front of the subject (Figure 5) for TH and QH tests, respectively.

Video data was then exported, tagged and stored for further kinematic analysis.

Figure 5. Experimental set-up for video capture

Raters

Six raters participated in the study and were all sports coaches and potential end users of such
technology. All raters were novices in using the software (Kinovea 0.8.27) and were provided with
a training sheet explaining how to detect each temporal event (Appendix VI). Raters were allowed
to ask questions and obtain clarification from the primary investigator, with several years of Kinovea
experience, on the protocol before commencing analysis. Previous investigations have reported
high levels of validity and reliability in assessing temporal-spatial parameters with 2-D video during

various sporting movements [11, 62, 128, 137].
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Assessment of Video Variability

Each rater analysed the videos by detecting relevant frame numbers at 'toe off' and 'heel strike' for
both the TH and QH. 'Toe off' was defined as the first frame after the loss of contact with the ground
(Figure 6; A), and 'heel strike' was defined as the first frame of clear ground contact (Figure 6; B).
Raters could detect each event by using the slow motion and magnifying tool (2.5x). Frame numbers
were logged into a previously designed spreadsheet where flight times, ground contact times and
total times were automatically derived via the following formula [FT = flight time (sec); FN = frame

number; 119.9 = frame rate].

_ First heel strike FN — first take of f FN
B 119.9

Equation 3. Flight time calculation

Within-rater (one rater) variability was quantified by taking all testing Session 1 data and analysing
over another two occasions separated by ~5-9 (6.9 + 1.2) days. Between-rater variability was
guantified by six raters analysing day-one data only. All six raters determined test-retest variability
by comparing the temporal parameters over three testing sessions. All variables (e.g., flight time 1
and ground contact time 2) were taken for each hop and test. This data was then averaged across

all participants.
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Figure 6. Detection of 'toe off' (panel A) and 'heel strike' (panel B) using the Kinovea software program

3.2.4 Statistical Analysis

Descriptive statistics, percentage change in the mean, and CV were computed using an online
spreadsheet (Microsoft Excel version 1910). Descriptive statistics (means and standard deviations)
were used to measure centrality and spread. The Shapiro-Wilk test was used to determine if data
were normally distributed. Relative consistency was quantified via ICC, which refers to the
consistency of the rank or position of a subject in relation to others [87]. ICCs were calculated using

SPSS version 26 (IBM, Armonk, NY, USA) with statistical significance set at an alpha level of p < 0.05.

Between-rater variability was determined using a two-way random effects ICC (single rating for
absolute agreement). Within-rater variability of a single rater was determined across the three days
using a two-way mixed effects ICC (single rating for absolute agreement) on data from the first

testing session.

Test re-test variability over three testing occasions was determined using a two-way mixed effects

ICC (single rating for consistency). A pairwise t-test was used to determine whether DOM and NDOM
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limbs differed. Greater movement variability was associated with the DOM limb (p < 0.05).

Therefore, the test-retest variability was determined using DOM limb data only.

ICCs were interpreted as: <0.50 poor relative consistency, 20.50 and <0.75 moderate relative
consistency, 20.75 and <0.90 good relative consistency, and >0.90 excellent relative consistency.
Percentage change in the mean was calculated as the difference in the group means between days
and was reported to indicate the extent to which the average performance differed over testing
occasions due to systematic effects (e.g., learning effect) and random effects (e.g., noise) [76]. The
SEM was expressed through the CV (%) to determine absolute consistency [7, 76]. A CV < 10% was
interpreted as a good level of agreement. Percentage change in the mean was calculated using the

following equation:

Mean 2 — Mean 1
Mean 1

Percentage Change = ( ) x 100

Equation 4. Percentage change in the mean

3.3 Results

The Shapiro-Wilks test determined all variables to be evenly distributed (p > 0.05). Between-rater
descriptive statistics for each variable and associated measures of consistency between rater
measures are presented in Tables 3 and 4. Relative consistency was good to excellent across the six
raters (ICC = 0.85-1.00) for the analysis of both DOM and NDOM limbs of TH and QH. Slight

improvements in consistency were observed as the subject progressed toward the camera.

Within-rater descriptive statistics of a single rater for each variable and associated measures of

consistency for video analysis across the three analysis sessions can be observed in Tables 5 and 6.
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The change in the mean for both TH and QH was minimal (-0.8 to 0.7%) and similar between hops
for all variables. Absolute (CV = 0.0-2.0%) and relative (ICC = 0.98-1.00) consistency was excellent

for all TH and QH variables for the three testing occasions.

The test-retest descriptive statistics and associated variability of measures across testing Days 1-3
are presented in Table 7. Absolute consistency was acceptable across all sessions and variables (CV
= 2.0-8.7%) for both TH and QH. TH flight time 1 showed poor levels of consistency (ICC = 0.47)
across the three testing days. QH flight times 1 and 2, and TH and QH ground contact time 1 showed
moderate consistency (ICC = 0.55-0.60). ICCs were good to excellent in variables later in the hopping
cycles (ICC = 0.81-0.93). Total hopping times across the three testing days showed little variability

(CV = 2.3-5.0%) and moderate to good levels of relative consistency (ICC = 0.64-0.78).
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Table 3. Between-rater variability of TH temporal parameters using an iPad Pro and Kinovea at 120 fps

Mean + SD 95% CI
Limb ICC
Rater 1 Rater 2 Rater 3 Rater 4 Rater 5 Rater 6 Lower Upper

NDOM 0.261 £ 0.03 0.245 £ 0.03 0.261 £ 0.03 0.264 £ 0.03 0.259 £ 0.03 0.255 £ 0.03 0.92 0.75 0.97

Fre) DOM 0.268 £ 0.03 0.251 £0.03 0.267 £0.02 0.269 £ 0.03 0.264 £ 0.03 0.260 £ 0.03 0.86 0.63 0.94
NDOM 0.324 £ 0.06 0.310 £ 0.06 0.323 £0.06 0.327 £0.06 0.322 £0.06 0.316 £ 0.06 0.98 0.94 0.99

Fr2) DOM 0.319 £ 0.06 0.308 £ 0.06 0.319 £ 0.06 0.321 £ 0.06 0.318 £ 0.06 0.313 £0.06 0.98 0.94 0.99
NDOM 0.448 £ 0.05 0.434 £ 0.05 0.446 £ 0.05 0.446 £ 0.05 0.445 £ 0.05 0.440 £ 0.05 0.99 0.96 1.00

Fr3) DOM 0.432 £ 0.05 0.422 £ 0.05 0.433 £0.05 0.434 £ 0.05 0.431 £ 0.05 0.424 £ 0.05 0.97 0.94 0.98
NDOM 0.300 £ 0.04 0.312£0.04 0.300 £ 0.04 0.297 £ 0.04 0.301 £0.04 0.308 £ 0.04 0.95 0.84 0.98

eerl DOM 0.304 £0.04 0.317 £0.04 0.305 £ 0.04 0.303 £ 0.05 0.305 £ 0.04 0.312 £0.04 0.95 0.86 0.98
NDOM 0.270 £ 0.04 0.282 £ 0.04 0.270 £ 0.04 0.268 £ 0.04 0.272 £0.04 0.277 £0.04 0.96 0.87 0.99

6e2td DOM 0.286 £ 0.04 0.294 £ 0.04 0.283 £0.04 0.281 £ 0.04 0.284 £ 0.04 0.290 £ 0.04 0.97 0.90 0.99
NDOM 1.60+£0.16 1.58+£0.17 1.60+0.16 1.60+£0.16 1.60+0.16 1.60+£0.16 1.00 0.99 1.00

me) DOM 1.61+£0.17 1.59+0.17 1.61+£0.17 1.61+£0.17 1.60+£0.17 1.60+£0.17 0.99 0.98 1.00

Key: FT = flight time; GC = ground contact time; TT = total time; SD = standard deviation; ICC = intraclass correlation coefficient; 95% Cl = 95% confidence interval
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Table 4. Between-rater variability of QH temporal parameters using an iPad Pro and Kinovea at 120 fps

Means + SD 95% CI
Limb ICC
Rater 1 Rater 2 Rater 3 Rater 4 Rater 5 Rater 6 Lower Upper

NDOM 0.260 £ 0.02 0.242 £0.03 0.259 £ 0.02 0.262 £ 0.02 0.254 £ 0.02 0.249 £ 0.02 0.85 0.67 0.93

Fre) DOM 0.255 £ 0.02 0.236 £ 0.03 0.251 £ 0.03 0.257 £0.03 0.250 £ 0.02 0.245 £ 0.03 0.85 0.68 0.93
NDOM 0.301 £ 0.05 0.287 £ 0.05 0.301 £ 0.05 0.302 £ 0.05 0.297 £ 0.05 0.293 £ 0.05 0.98 0.94 0.99

Fr2) DOM 0.299 £ 0.04 0.282 £ 0.04 0.297 £0.04 0.299 £ 0.04 0.291 £ 0.04 0.290 £ 0.04 0.96 0.89 0.99
NDOM 0.318 £ 0.06 0.306 £ 0.06 0.317 £0.06 0.318 £ 0.06 0.313 £ 0.06 0.309 £ 0.06 0.99 0.97 1.00

Fr36) DOM 0.313 £0.05 0.300 £ 0.05 0.312 £ 0.05 0.313 £0.05 0.307 £0.05 0.305 £ 0.05 0.98 0.94 0.99
NDOM 0.334 £ 0.06 0.317 £0.06 0.333£0.06 0.336 £ 0.06 0.331+£0.06 0.327 £0.06 0.98 0.94 0.99

Frae) DOM 0.327 £0.04 0.312£0.04 0.326 £ 0.04 0.327 £0.04 0.323£0.04 0.319 £ 0.04 0.97 0.91 0.99
NDOM 0.463 £ 0.06 0.450 £ 0.06 0.460 £ 0.06 0.460 £ 0.06 0.456 £ 0.06 0.453 £ 0.06 0.97 0.95 0.99

Frst) DOM 0.453 £ 0.05 0.438 £ 0.05 0.449 £ 0.05 0.450 £ 0.05 0.447 £ 0.05 0.443 £ 0.05 0.98 0.95 0.99
NDOM 0.282 £ 0.03 0.296 £ 0.03 0.282 £ 0.03 0.281+£0.03 0.288 £ 0.03 0.291+£0.03 0.92 0.82 0.97

e DOM 0.290 £ 0.02 0.305 £ 0.03 0.292 £ 0.03 0.288 £ 0.02 0.294 £ 0.02 0.299 £ 0.02 0.89 0.75 0.95
NDOM 0.253 £0.02 0.266 £ 0.03 0.253 £0.02 0.252 £0.02 0.258 £ 0.03 0.262 £ 0.02 0.92 0.79 0.97

6c2ld DOM 0.254 £0.03 0.268 £ 0.03 0.255 £ 0.03 0.253 £0.03 0.263 £0.03 0.263 £0.03 0.92 0.79 0.97
NDOM 0.253 £0.02 0.268 £ 0.03 0.253 £0.02 0.252 £0.02 0.257 £0.03 0.261 £ 0.02 0.87 0.74 0.94

6e3t DOM 0.250 £ 0.03 0.264 £ 0.03 0.250 £ 0.03 0.248 £ 0.03 0.253 £0.03 0.256 £ 0.03 0.95 0.85 0.98
NDOM 0.253 £0.03 0.267 £0.03 0.253 £0.03 0.252 £0.03 0.256 £ 0.03 0.260 £ 0.03 0.93 0.84 0.97

6cat) DOM 0.256 £ 0.03 0.270 £ 0.03 0.257 £0.03 0.256 £ 0.03 0.260 £ 0.03 0.264 £ 0.03 0.96 0.88 0.98
NDOM 2.71+£0.25 2.69+0.25 2.71+0.24 2.71+0.25 2.71+£0.25 2.70+0.25 1.00 1.00 1.00

e DOM 2.70£0.20 2.67+0.20 2.69+0.21 2.69+0.20 2.69+0.21 2.68+0.21 1.00 0.99 1.00

Key: FT = flight time; GC = ground contact time; TT = total time; SD = standard deviation; ICC = intraclass correlation coefficient; 95% Cl = 95% confidence interval
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Table 5. Within-rater variability of TH temporal parameters using an iPad Pro and Kinovea at 120 fps

. Mean + SD Change in mean (%) CV (%) ICC 95% CI
Limb Session 1 Session 2 Session 3 2-1 3-2 2-1 3-2 Lower Upper

NDOM 0.261 £ 0.04 0.260 £ 0.04 0.260 £ 0.04 -0.6 0.1 1.5 0.5 0.99 0.99 1.00

Fre) DOM 0.268 £ 0.03 0.266 £ 0.03 0.268 £ 0.03 -0.6 0.7 1.7 13 0.98 0.97 0.99
NDOM 0.324 £ 0.06 0.323 £0.06 0.323£0.06 -0.7 0.0 13 0.8 1.00 0.99 1.00

Fr2) DOM 0.319 £ 0.06 0.318 £ 0.06 0.319 £ 0.06 -0.4 0.4 13 0.9 1.00 0.99 1.00
NDOM 0.448 £ 0.05 0.448 £ 0.06 0.449 £ 0.06 0.0 0.2 0.7 0.5 1.00 0.99 1.00

Fr3t DOM 0.432 £ 0.05 0.433 £0.05 0.433 £ 0.05 0.2 0.1 1.1 0.5 1.00 0.99 1.00
NDOM 0.300 £ 0.04 0.301 £0.04 0.301 £ 0.04 0.2 0.0 1.4 0.0 0.99 0.99 1.00

et DOM 0.304 £0.04 0.304 £ 0.05 0.304 £ 0.05 -0.1 0.0 1.0 0.0 1.00 0.99 1.00
NDOM 0.270 £ 0.04 0.271£0.04 0.271£0.04 0.3 -0.1 1.0 1.2 0.99 0.98 1.00

6c2ld DOM 0.286 £ 0.04 0.285 £ 0.04 0.285 £ 0.04 -0.3 -0.3 1.7 0.6 0.99 0.98 1.00
NDOM 1.60+£0.16 1.58+0.17 1.60+£0.16 0.0 0.0 0.3 0.1 1.00 1.00 1.00

e DOM 1.61+£0.17 1.61+£0.17 1.61+0.17 -0.1 0.1 0.2 0.2 1.00 1.00 1.00

Key: FT = flight time; GC = ground contact time; TT = total time; SD = standard deviation; CV = coefficient of variation; ICC = intraclass correlation coefficient; 95% Cl = 95% confidence interval
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Table 6. Within-rater variability of QH temporal parameters using an iPad Pro and Kinovea at 120 fps

Mean + SD Change in mean (%) CV (%) 95% CI
Limb ICC
Session 1 Session 2 Session 3 2-1 3-2 2-1 3-2 Lower Upper

NDOM 0.262 £0.03 0.262 £ 0.03 0.260 £ 0.03 -0.1 -0.8 1.9 13 0.98 0.95 0.99

Fre) DOM 0.253 £0.03 0.253 £0.03 0.254 £0.03 -0.1 0.6 1.9 13 0.98 0.96 0.99
NDOM 0.308 £ 0.06 0.307 £0.07 0.307 £0.07 -0.5 0.1 2.0 0.6 1.00 0.99 1.00

Fr2) DOM 0.311 £ 0.05 0.312 £ 0.05 0.312 £ 0.05 0.2 0.0 1.2 0.8 1.00 0.99 1.00
NDOM 0.327 £0.07 0.326 £ 0.07 0.326 £ 0.07 -0.4 0.0 1.3 0.5 1.00 1.00 1.00

Fr3t DOM 0.327 £0.05 0.327 £0.05 0.327 £0.05 -0.1 0.1 1.9 1.2 0.99 0.98 1.00
NDOM 0.352 £0.05 0.351 £ 0.05 0.352 £ 0.05 -0.3 0.3 1.0 0.5 1.00 0.99 1.00

Frae) DOM 0.339 £ 0.05 0.340 £ 0.05 0.339 £ 0.05 0.3 -0.3 0.8 0.9 1.00 0.99 1.00
NDOM 0.465 £ 0.05 0.463 £ 0.05 0.464 £ 0.05 -0.4 0.2 1.1 0.4 0.99 0.99 1.00

Frst) DOM 0.459 £ 0.05 0.457 £ 0.05 0.458 £ 0.05 -0.4 0.1 0.9 0.5 0.99 0.99 1.00
NDOM 0.289 £ 0.04 0.289 +0.04 0.290 £ 0.04 0.1 0.5 1.7 0.8 0.99 0.98 1.00

e DOM 0.290 £ 0.03 0.288 £ 0.03 0.288 £ 0.03 -0.6 -0.1 1.3 13 0.98 0.96 0.99
NDOM 0.260 £ 0.03 0.262 £ 0.03 0.262 £ 0.03 0.7 -0.2 1.7 1.0 0.98 0.96 0.99

6c2ld DOM 0.257 £0.03 0.257 £0.03 0.257 £0.03 0.2 0.0 1.7 13 0.99 0.97 0.99
NDOM 0.259 £ 0.04 0.258 + 0.04 0.258 £ 0.04 -0.1 -0.2 1.0 0.5 1.00 0.99 1.00

6c3l DOM 0.260 £ 0.03 0.260 £ 0.03 0.260 £ 0.03 -0.2 0.2 1.5 0.9 0.99 0.97 1.00
NDOM 0.263 £0.03 0.264 £+ 0.04 0.263 £0.04 0.5 -0.3 1.1 0.7 0.99 0.99 1.00

6cat DOM 0.265 £ 0.03 0.265 £ 0.03 0.265 £ 0.03 -0.1 0.0 1.3 0.9 0.99 0.98 1.00
NDOM 2.784+0.29 2.781+£0.29 2.781+0.29 -0.1 0.0 0.3 0.1 1.00 1.00 1.00

me) DOM 2.760+£0.24 2.759+0.24 2.760+£0.24 -0.1 0.0 0.2 0.1 1.00 1.00 1.00

Key: FT = flight time; GC = ground contact time; TT = total time; SD = standard deviation; CV = coefficient of variation; ICC = intraclass correlation coefficient; 95% Cl = 95% confidence interval
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Table 7. Test-retest variability (one rater) of TH and QH temporal parameters using an iPad Pro and Kinovea at 120 fps for the dominant limbs

Means + SD Change in mean (%) CV (%) 95% CI
TH ICC
Day 1 Day 2 Day 3 2-1 3-2 2-1 3-2 Lower Upper
FT 1 (s) 0.268 £ 0.027 0.254 £ 0.022 0.260 £ 0.017 -5.0 2.5 4.7 6.0 0.47 0.06 0.82
FT 2 (s) 0.318 £ 0.056 0.292 £ 0.038 0.307 £ 0.037 -8.0 5.6 7.6 5.6 0.71 0.35 0.92
FT 3 (s) 0.432 £ 0.050 0.424 £ 0.058 0.436 £ 0.049 -2.2 3.2 6.6 4.5 0.81 0.54 0.95
GC1 (s) 0.304 £ 0.043 0.295 £ 0.020 0.299 £ 0.020 -2.1 1.2 6.8 34 0.60 0.20 0.88
GC2 (s) 0.286 £ 0.039 0.270 £ 0.028 0.269 + 0.029 -5.4 -0.1 3.9 2.8 0.90 0.72 0.97
TT(s) 1.608 + 0.166 1.534+0.112 1.572 £ 0.080 -4.4 2.6 5.0 3.0 0.64 0.25 0.89
Means + SD Change in mean (%) CV (%) 95% CI
QH ICC
Day 1 Day 2 Day 3 2-1 3-2 2-1 3-2 Lower Upper
FT 1 (s) 0.253 £0.032 0.253 £0.025 0.259 £+ 0.013 0.2 2.7 6.5 5.6 0.58 0.18 0.87
FT 2 (s) 0.311 £ 0.048 0.288 £ 0.039 0.297 £0.034 -7.4 34 8.7 5.6 0.59 0.18 0.87
FT 3 (s) 0.327 £ 0.046 0.298 £ 0.042 0.313 £ 0.049 -8.9 5.0 7.7 5.1 0.81 0.52 0.95
FT 4 (s) 0.339 £0.048 0.317 £0.046 0.323 £0.037 -6.3 2.2 5.8 5.7 0.83 0.58 0.96
FT 5 (s) 0.459 £ 0.045 0.451 £ 0.057 0.448 £ 0.058 -1.9 -0.9 3.8 2.0 0.93 0.80 0.98
GC1 (s) 0.290 £ 0.032 0.290 £ 0.021 0.289 £ 0.022 0.3 -0.5 5.7 4.5 0.55 0.14 0.86
GC2 (s) 0.257 £0.033 0.253 £0.021 0.251 £ 0.025 -1.1 -0.8 5.8 4.3 0.75 0.42 0.93
GC 3 (s) 0.260 £ 0.032 0.250 £ 0.029 0.240 £ 0.026 -3.7 -3.8 4.0 4.4 0.87 0.66 0.97
GC4 (s) 0.265 £ 0.032 0.253 £0.031 0.252 £ 0.030 -4.4 -0.5 3.8 34 0.93 0.79 0.98
TT(s) 2.760 £ 0.242 2.653+£0.190 2.672£0.182 -3.8 0.7 3.9 2.3 0.78 0.48 0.94

Key: FT = flight time; GC = ground contact time; TT = total time; SD = standard deviation; CV = coefficient of variation; ICC = intraclass correlation coefficient; 95% Cl = 95% confidence interval
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3.4 Discussion

To the author's knowledge, there has been no previous research quantifying the consistency of
detecting temporal parameters (timing events) in multiple hops through video analysis. The main
findings of this study were: 1) good to excellent between-rater consistency for analysis of both DOM
and NDOM limbs during the TH and QH tests; 2) excellent within-rater consistency in all TH and QH
variables; and 3) acceptable test-retest relative consistency for all variables, with 10/16 variables
achieving good to excellent consistency over three testing sessions. Therefore, we postulate that
the affordable and accessible hardware and software systems in the present study can be widely
adopted by sports performance and rehabilitation practitioners and researchers to evaluate many

spatiotemporal variables during multiple horizontal hops.

Interestingly, test-retest results of absolute consistency across testing days for both TH and QH (CV
= 2.0-8.7%) were acceptable, whereas relative consistency was less so, especially with the variables
earlier in the hopping cycle (flight times 1 and 2: ICC = 0.47-0.71, ground contact time 1: ICC = 0.55-
0.60). There is no doubt that the sample size affected this statistical analysis, as minor changes in
rank order will considerably influence the magnitude of the correlations when subject numbers are
small. The ICCs were greater in the latter stages of the hop sequence for both TH and QH, indicating
more initial movement variability in these movement patterns. We speculate that this is a function
of the initial hop distance (flight time 1) and associated individual movement strategies in novices,
where over or under-distance hopping will affect the ability of the neuromuscular system to tolerate

the stretch load, which would consequently affect flight and ground contact times.

When utilising videographic tools such as an iPad and Kinovea software, it is important to ensure

that similar results can be replicated across users to establish whether different end users can
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similarly quantify each variable. Excellent levels of between-rater consistency across all variables
(ICC=0.85-1.00) and hops were observed, indicating that the criteria used to define each movement
and the technology used to quantify the variables of interest were easily understood. These results
are comparable to those reported for vertical jump assessments [10, 51]. Of note is a slightly larger
range of confidence intervals (Cl) for detecting variables further away from the camera for TH
(starting 14 m from the camera) and QH (starting 19 m away from the camera). While absolute
consistency at these further distances was good, practitioners should take all reasonable measures
to ensure clarity of detection and 'clean' video footage. LED lighting was employed during data
collection. However, changes in light due to the time of day and environmental weather were a
factor in detecting temporal events. Additionally, footwear colour, which sometimes clashes with
the landing surface, can make detection more difficult. Practitioners should be aware that this could

influence event detection and, therefore, perceived changes in performance.

Finally, within-rater analysis (ICC = 0.98-1.00) for video footage across time of both TH and QH was
consistent with those reported in the vertical jump literature [154]. Therefore, a single rater can

produce almost identical results when analysing the same footage on multiple occasions.

Despite a relatively small sample of nine athletes, an iPad Pro and digitizing software programme to
detect temporal events in the frontal plane during horizontally orientated hops in series is reliable,
especially in measures of absolute consistency. This study complements previous literature
reporting the consistency of multiple hops in series [80, 155]. It provides promise for those
interested in using simple and affordable technology to measure horizontal explosive capability,
which can be as valuable as its vertically orientated and previously determined reliable counterparts
[10, 31, 72, 154]. Additionally, Jales et al. reported that single leg TH distance is highly reliable (e.g.,

ICC = 0.95-0.96) when performed via telehealth [80]. Therefore, it is plausible that temporal
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variables can be confidently assessed while athletes travel for competitions or perform
rehabilitation periods away from their chosen practitioner. Unfortunately, we did not formally
record the processing time required by each rater. While we estimate two to three minutes to
analyse the TH and QH tests, future reports should formally assess this variable to inform potential

users of time costs.

3.5 Conclusions

The low-cost but highly available 2-D smartphone/tablet and free-to-use software employed in this
study are reliable in detecting temporal events during multiple hops. Therefore, practitioners can
confidently assess multiple hop horizontal tests, which have previously been reported as valuable
when monitoring physical performance, fatigue, and injury management. Practitioners should be
mindful of providing adequate familiarisation and standardisation of methodology. In particular, the

placement height of the camera must ensure precise detection of ground contacts.
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CHAPTER 4: COMPARISON OF MULTIPLE HOP TEST
KINEMATICS BETWEEN FORCE PLATFORMS AND VIDEO
FOOTAGE: A CROSS-SECTIONAL STUDY

This chapter comprises the following paper published in the International Journal of Kinesiology and

Sports Science.

Reference:

Sharp, A.P., Cronin, J.B., Neville, J., Diewald, S.N., Stolberg, M., Draper, N. & Walter, S. (2023).
Comparison of Multiple Hop Test Kinematics Between Force Platforms and Video Footage: A Cross-

Sectional Study. International Journal of Kinesiology and Sports Science, 11(3), 23-28.

4.0 Prelude

In Chapter 3, it was found that low-cost but highly available 2-D smartphone/tablet and free-to-use
software were reliable for detecting temporal events associated with multiple hops testing.
However, the validity of horizontal hopping assessments in the frontal plane using mobile phone or
tablet applications had not been reported. Therefore, the current study aimed to determine the
validity of using a mobile device application to measure kinematic variables of horizontal multiple
hops in series and compare these with gold-standard force platform technology. If the study results
show that assessing multiple hops with mobile tablets is valid, then, along with the findings from
Chapter 3, this approach could be recommended as a reliable and valid option for sports coaches

seeking to assess multiple hop performance.
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4.1 Introduction

Hopping based tests such as TH and QH are valid and reliable tests to measure physical fitness
among athletic populations [155]. Both tests have been used to assess stretch load tolerance and
unilateral propulsive and braking force capability [9, 35, 68, 98, 171] of athletic populations.
Kinematic outputs measured during multiple hop assessments such as ground contact time, flight
time and resultant step frequencies have shown strong correlations with measures of athletic
performance, and particularly with sprinting characteristics [119, 120, 129]. Therefore, multiple hop

assessments could provide valuable diagnostic information for athlete profiling.

The kinetic and kinematic outputs of multiple hop assessments have ordinarily been determined
using force platforms, accelerometers, and high-velocity motion capture cameras, with the force
platform assessment method widely acknowledged as the gold standard. However, lack of
affordability and access to force platforms is a limiting factor for coaches working in community-
level athlete development programmes. The availability of a valid, reliable, low-cost and accessible
technology would be ideal for coaches seeking to assess multiple hops in series practically on-field

rather than in a laboratory setting.

A recent review of the utility of mobile phone or tablet device applications for measuring athlete
vertical jumping height has shown high levels of validity and reliability [148]. Vertical jump data
captured using mobile device applications have previously been compared with force platform data
and shown high validity (r = 0.60-0.995) [10, 31, 51, 61, 154]. However, the validity and reliability of
horizontal hopping assessments in the frontal plane using mobile phone or tablet device

applications have not been reported. Therefore, this study aimed to determine the validity of
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utilising a mobile device application to measure kinematic variables of horizontal multiple hops in

series and compare these with force platform gold-standard technology.

4.2 Methods

4.2.1 Participants and Study Design

Using an observational cross-sectional study design, male university athletes (n = 44; mean %
standard deviation descriptive data, age: 20.1 + 1.4 years; weight: 71.2 + 8.6 kg; height: 171.9 £ 5.1
cm) of various sporting success and codes participated in the study. A participant classification
framework identified them at a range of Tier 0-3 [107]. Inclusion criteria required all participants to
be healthy and injury-free at the time of testing, with no history of major reconstructive surgery of
the lower limb or significant historical injuries that could affect performance in the previous two
years. Ethical approval was granted by the Auckland University of Technology Ethics Committee
[Appendix | (reference: 17/133)]. The participating athletes provided their written informed

voluntary consent prior to testing.

4.2.2 Study Design

Multiple Hop Performance

A hopping familiarisation session was conducted for all athletes three days prior to the testing.
Familiarisation included a warm-up consisting of explosive bounding movements to replicate testing
demands and progressive sprinting over 30 m. The athletes executed both the TH and QH on a series
of force platforms, while being video recorded simultaneously. Each multiple hop trial started with
the athlete balanced on their trial leg before propelling themselves forward for the required number
of contacts and subsequent landing. The TH test protocol consisted of two hops on the same leg

followed by a double foot landing, and the QH test consisted of four hops on the same leg followed
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by a double foot landing. Athletes were cued to “reach the furthest horizontal distance in the fastest
time possible”. Contact on the ground with the athlete’s hands post-landing was permitted if the
movement did not result in further steps forward. Upper limb motion was allowed during the hops,
replicating motor patterns associated with athletic movements. All athletes completed three trials
for TH and two trials for QH on both their DOM and NDOM limbs in a randomised order with two
minutes rest between efforts. Only two repetitions of the QH were performed on each leg due to

the very high stretch-load demands and to reduce any significant effects of fatigue on performance.

4.2.3 Equipment

Force Platform

Athletes performed multiple hops in series on a synthetic indoor track surface covering a series of
embedded inground force platforms (TF-90100, TF-3055, TF-32120, Tec Gihan, Uji, Japan) covering
the entire hopping distance. The force platforms collected ground reaction forces (GRFs) at a
sampling rate of 1000 Hz by connecting to a single computer. GRF force data was processed as
described in previous studies investigating temporal events [119] using embedded force platforms
in series. The GRF signals collected during the hop trials were filtered using a 4"-order Butterworth
low-pass digital filter with a cut-off frequency of 50 Hz. Hop temporal events, including ground
contact, flight and total times, were identified by a vertical GRF threshold set at 20 N in a purpose-

built algorithm (MATLAB R2021a, The Mathworks Inc, Massachusetts, USA).

Video Analysis Mobile Device Application

To record the multiple hops in series, an iPad Pro A1584/1652 (Apple Inc, Cupertino, CA, USA) was
used. The iPad recorded the multiple hops at 1080 p and 120 fps secured on a tripod at 30 cm height
above the ground and positioned at 14 m and 19 m from the start line, directly in front of the athlete

for TH and QH tests, respectively. The video footage and force platform data were obtained
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simultaneously. The video footage recorded using the iPad was processed using the Kinovea
application. This application has been used to analyse kinematic parameters in several athletic

jumping performance studies [11, 62, 134, 137].

Video Footage Analysis

The event of ‘toe off’ was defined as the first frame after loss of contact with the ground, and the
event of ‘heel strike’ was defined as the first frame of clear ground contact in line with previously
documented methods using Kinovea [11]. Ground contact and flight times were determined by the
interval of detection of ‘toe off’ and the subsequent ‘heel strike’ for both TH and QH. A slow motion
and magnifying tool (2.5x) built into the Kinovea application was used to simplify the detection of
each event. Frame numbers were logged into a spreadsheet (Microsoft Excel, Microsoft
Corporation, Washington, USA) in which flight times, ground contact times and total times were

automatically calculated.

4.2.4 Statistical Analysis

Descriptive statistics (estimated mean, mean differences, and Cl) were reported for all statistical
comparisons. Assumption checks for homogeneity, linearity and normality of residuals were
determined to be acceptable for both TH and QH data across methods. The validity of video footage
measures against the force platform data was determined by several statistical tests. Firstly, a linear
mixed-effect model was used to compare any differences in variables across limbs, methods, trials,
and athletes. Statistical significance was set at an alpha level of p < 0.05. Effect sizes (ES) were
reported using Cohen’s d, and interpreted as very small (< 0.2), small (0.21-0.5), moderate (0.51-
0.79) and large (> 0.8) [36]. Secondly, the linear mixed-effect model was used to determine any bias
between the force platform and video footage. Flight times and ground contact times were specified

as the dependent variable in each analysis, between force platform and video footage, hops (3 or 2
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per leg), and their interaction were specified as fixed effects. A nested random intercept structure
was specified for the random effect, with trials nested within the athletes’ repeated measures.
Thirdly, further visual representation of the level of agreement and any bias between the force
platform and video footage as the method of analysis was constructed using Bland-Altman plots
[22], where the differences between methods were plotted against their averages (force platform
—video footage), and the 95% limits of agreement [21]. Fourth, to establish the concurrent validity
between the iPad footage and the force platform data, an ICC with 95% Cl was calculated for ground
contact times, flight time and total time for both the TH and QH. All statistical analyses were
performed using RStudio (version 1.4.1103, PBC, Boston, USA) and Microsoft Excel 2016 (Microsoft

Corp, USA).

4.3 Results

No significant differences (p < 0.05) were observed between data for DOM and NDOM limbs during
TH and QH, and so all trials were pooled for analysis to compare methods. Estimated means,
standard deviations and 95% Cl are shown for flight and ground contact for both TH and QH in Table
8.

Visual analysis of Bland-Altman plots showed the between method differences (force plate versus
video) for flight times, ground contact times and total times were consistent across the hops and
that the majority of the data points are within the 95% CI. There were notable differences (Table 9)
in flight time which decreased with both the TH (-0.015, -0.012, -0.008 s) and QH (-0.016, -0.013, -
0.013, -0.011, -0.009 s) as the athlete came closer to the iPad, however, the ES for the differences
in flight time were very small (0.08-0.017) and not statistically significant. Ground contact times
from the video footage were consistently overestimated in comparison to the force plate across

both TH and QH. Interestingly these differences (0.013 to 0.014 s) showed very small changes across
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hops and as the participant hopped came closer to the iPad. These differences were small (0.21-

0.29) and not statistically significant.

In summary, there is a systematic bias between the two methods of analysis, but the bias is uniform

(between DOM and NDOM limbs, and across trials and hops). Bland-Altman comparisons indicated

a good level of agreement between the video footage and force platform, with mean bias across all

variables ranging from 0.009 to 0.016 s which represents approximately 1-2 video frames at 120 Hz.

Table 8. Estimated means and standard deviations (95% Cl) of hop kinematics between the force platform and video
footage

Force platform iPad video footage

Mean + SD Cl low-high Mean + SD Cl low-high

1 0.281 +0.038 0.265-0.295 0.266 + 0.040 0.250-0.280

THET 2 0.330 +0.056 0.314-0.344 0.318 +0.056 0.302-0.333
3 0.441 +0.052 0.425 -0.455 0.433 +0.055 0.417 -0.447

1 0.277 £ 0.035 0.263-0.294 0.261 +0.037 0.247 -0.277

2 0.317 £ 0.053 0.303-0.334 0.304 +0.053 0.290-0.321

QH FT 3 0.327 £ 0.049 0.313-0.344 0.314 +0.050 0.300-0.331
4 0.345 +0.048 0.331-0.362 0.334 +0.048 0.320-0.351

5 0.447 +0.061 0.432 -0.463 0.437 £ 0.064 0.423 -0.454

1 0.281 +0.036 0.270-0.291 0.295 +0.037 0.284 - 0.305

THGCT 2 0.260 + 0.035 0.249 -0.270 0.273 +0.038 0.262 -0.282
1 0.273 +0.032 0.263 -0.282 0.287 +0.033 0.277 -0.296

TH GCT 2 0.244 +0.029 0.234-0.253 0.258 +0.030 0.249 -0.268
3 0.239 +0.030 0.229-0.248 0.252 +0.030 0.242 -0.261

4 0.241 +0.032 0.231-0.250 0.253 +0.032 0.244 -0.263

Key: Mean + SD presented in seconds; Cl = confidence interval; TH = triple hop; QH = quintuple hop; FT = flight time; GCT = ground

contact time
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Table 9. Mean difference (95% Cl) of hop kinematics between the force platform and video footage

Difference Cl low-high p d Interpretation
1 -0.015 -0.020 to -0.010 <0.001 0.17 trivial
THFT 2 -0.012 -0.016 to -0.007 <0.001 0.14 trivial
3 -0.008 -0.013 to -0.004 0.001 0.10 trivial
1 -0.016 -0.023 to -0.010 <0.001 0.13 trivial
2 -0.013 -0.020 to -0.007 <0.001 0.11 trivial
QHFT 3 -0.013 -0.020 to -0.007 <0.001 0.11 trivial
4 -0.011 -0.017 to -0.004 0.002 0.09 trivial
5 -0.009 -0.016 to -0.003 0.005 0.08 trivial
1 0.014 0.011t0 0.017 <0.001 0.29 small
TH GCT
2 0.013 0.009 to 0.016 <0.001 0.27 small
1 0.014 0.011t0 0.018 <0.001 0.24 small
2 0.014 0.011t0 0.018 <0.001 0.24 small
QH GCT
3 0.013 0.009 to 0.017 <0.001 0.22 small
4 0.013 0.009 to 0.016 <0.001 0.21 small

Key: Difference presented in seconds; Statistical significance set at an alpha level of p < 0.05; Cl = confidence interval; TH = triple hop;
QH = quintuple hop; FT = flight time; GCT = ground contact time; Cohen’s d ES are trivial if d <0.2, small if d =0.2 - 0.6

4.4 Discussion

This study aimed to determine the validity of utilising a mobile device with Kinovea to assess
kinematic variables of horizontal multiple hops in series, and compare these with force platform
gold-standard technology. To the author’s knowledge, such a methodology had not been
investigated previously, and so difficult to compare with other studies. However, the high level of
agreement between video and force platform is consistent with that seen in vertically orientated
jump assessments. The main findings of this study were: 1) there were significant differences (p <
0.05) between hop variables captured from an iPad video compared to force plate; 2) there was a
consistent underestimation in flight times seen across TH (-0.015 to -0.008 s) and QH (-0.016 to -
0.009 s) which corresponded to the distance the subject was away from the iPad, although these
differences were not significantly different across flight times; 3) iPad video over estimated (0.013
to 0.014 s) ground contact times for both TH and QH similarly, regardless of distance away from the

subject; and, 4) although there were significant differences in both flight times and ground times
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between methods, the differences were consistent and a systematic bias was observed between

methods.

From the results of this study, it appears that whilst the iPad video provided a valid alternative to
force plate technology, the results were not comparable without some form of statistical correction.
Itis likely that the differences observed in terms of the systematic bias are due to the methods used
to quantify each flight and contact times. Video-determined variables can only be defined by either
‘contact’ or ‘no contact’ in the selection of heel strike and toe off, and limited to a sampling rate of
120 fps, whilst force plate data can be collected at 1000 Hz, but can only be measured while there
is contact. This contact must also be higher than the unloaded noise of the force plate, and thus a
20 N threshold is used in an aim to reduce that noise. These methodological/technological

differences no doubt explain some of the observed bias.

The small but insignificant under-estimations seen in flight times can be attributed to the increased
difficulty in detecting heel strike and toe off due to potential perspective error at distances further
away from the iPad. Of interest and difficult to explain was the observation that greater differences
were not observed during QH analysis when the camera was at an increased distance of 19 m from
the athlete. We hypothesised that these differences are most likely accounted for by the period of
flight time as opposed to the distance from the camera, which would also account for the
consistency in the ground contact times seen across both TH and QH. Therefore, coaches can use
video footage recorded using an iPad pro with the Kinovea application to accurately measure their

athletes’ kinematic multiple horizontal hop data.
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4.5 Limitations of the Study

Anecdotally, the researchers noted that whilst all reasonable measures were taken to ensure clarity
of detection by way of artificial LED lighting sources, ‘clean’ video footage, and the video
identification of heel strike and toe-off requiring visual light to be seen under the foot meant that
some trials were more difficult to determine than others due to changes in environmental lighting
conditions and colour of participant footwear. Interestingly, this difficulty was not proven to be

statistically significant.

4.6 Practical Implications of the Study

Multiple hops are movements that stress the neuromuscular system more so than most jumps due
to the cyclic unilateral higher stretch loads of the consecutive hopping movements. As a movement
screening diagnostic tool, it can be thought of as a progressive assessment in relation to many in-
place acyclic jumps, providing advanced insights into injury risk, movement competency, and

performance capability.

Until this study total distance was one of the only metrics used to interpret multi-hopping ability.
We found a simple and cost-effective solution to capturing advanced diagnostics to provide a more
granular approach to understanding high load SSC performance. Inter-step and inter-limb
comparisons in terms of flight, contact and total time in conjunction with total distance can provide
detailed insight into movement strengths and weaknesses. Furthermore, the inter-jump
comparisons have been suggested to provide insight into accurate assessments of cyclical
expressions of strength that are closely linked to the accelerative and maximal speed capacity of an
athlete. Whilst this study does not provide a kinetic understanding of the hopping movements, the

procedures could be utilised to determine a deeper understanding of injury risk and asymmetry

91



during return to play protocols post injury, and high-end neuromuscular performance in the non-

injured.

As an aside, a couple of observations were made in terms of inter-hop and inter-jump comparisons.
Ground contacts could be classified as high stretch-load movements (average = 0.259 s) given the
magnitude and rate of unilateral loading. As high as 6100 N in the fourth hop of a QH were seen in
this study for a 70 kg athlete, which equates to approximately 8.9 x bodyweight loaded unilaterally
over 0.192 seconds. As such, TH and QH are thought useful assessments of cyclical expressions of
strength that are closely linked to the accelerative and maximal speed capacity of an athlete. And
finally, it seems as though both TH and QH have similar spatiotemporal demands, however further
insight into the kinetics of multiple hops and associated neuromuscular demands is needed to fully

understand the mechanics, utility and adaptive potential of these exercises.

4.7 Conclusions

Assessing an athlete’s horizontal multiple hops in series performance is important for physical
performance coaches. The current study determined that TH and QH performances of athletes can
be reliably, accurately, and cost-effectively measured using an iPad tablet with the Kinovea
application. This study’s findings may help community-level coaches who want to measure their

athletes’ horizontal multiple hop performance in an affordable and valid way.
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CHAPTER 5: STRETCH-LOAD DEMANDS IN MULTIPLE HOPS:
IMPLICATIONS FOR ATHLETIC PERFORMANCE AND
REHABILITATION

This chapter comprises the following paper submitted to the European Journal of Sports Science.

Reference:

Sharp, A.P., Neville, J., Nagahara, R., Wada, T. & Cronin, J.B. (2025). Stretch-load Demands in

Multiple Hops: Implications for Athletic Performance and Rehabilitation. In review.

5.0 Prelude

The earlier chapters of this thesis focused mainly on describing the kinematic demands of multiple
hopping. While this provides useful insight into how these movements are performed, equally
important is determining the kinetic demands to further understand their potential application in
athlete rehabilitation and physical preparation. A key practical challenge is that capturing these
forces over multiple hops usually requires a minimum of 20 m of in-ground force plates. To address
this gap, kinetic data were collected at the National Institute of Fitness and Sport in Japan, a facility
equipped with 50 m of in-ground force plates, an infrastructure rarely available in the existing
literature. The present study sought to quantify and compare the kinetic demands of multiple
hopping tasks performed in series. Particular emphasis was placed on elucidating the incremental
loading demands associated with the QH task relative to the more widely studied TH, with additional

consideration given to the stretch-load characteristics associated with each hopping variant.
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5.1 Introduction

The ability to express cyclical and rapid stretch-shortening (eccentric-concentric) muscular actions
like jumping, landing, and change-of-direction is beneficial for athletic performance [9]. Jumps and
hops are commonplace in athletic training and during physical assessment, not only because of their
reliability [44, 122, 150, 155] but also due to their strong relationship with these high-demand
athletic qualities, likely because they mimic the speed of contraction, neuromuscular firing patterns,
and kinetic energy transfer [42, 75, 82, 121, 141, 170, 171]. ‘Stretch-load’ refers to the physical
demand associated with these actions, and practitioners must pay considerable attention to
prepare athletes to manage large forces successfully and without fear or increased risk of injury

[105, 162].

Multiple hops in series have been shown to have a stronger relationship with acceleration and time
to maximum speed in sprinting performance over vertically orientated jumping assessments,
possibly due to their similar force vector orientation [82]. The TH and the QH tests and their
relationship with sprint performance have therefore been of interest to researchers [68, 103, 104,
121], mostly finding large correlations (r =-0.89 to -0.24). There are limited studies investigating the
relationship of QH and sprint performance, with a single study from Nesser et al. who reported very
large correlations (r=-0.81) of 5-step jump test with 40 m sprint time [121]. However, little is known
about the kinematic and kinetic demands of multiple hop testing and training, and no studies have
investigated the differences in physical demands between TH and QH in either performance or

rehabilitative settings.

A significant proportion of the literature on horizontally displaced hops has focused on the need for

athlete rehabilitation [23, 58], particularly for anterior cruciate ligament (ACL) knee injuries [91, 97,
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124]. These tests have been used in RTS testing batteries to determine the extent of limb asymmetry
[131], physical function level, and re-injury risk assessment. However, the relationship between
hopping and athletic performance in healthy athletes has received surprisingly little attention [33].
While limb asymmetry is an intuitive concern, researchers have recently suggested that limb
symmetry assessments should be used cautiously, as they do not always give a complete picture of
preparedness and may underestimate deficits [64]. Total distance achieved in multiple hop
assessments may provide insight into readiness and lower limb performance [69]. Still, their
determining components (ground contact and flight phase kinematics and kinetics) could provide
greater understanding of reactive strength capability [97] and preparedness for requirements of
high stretch-load in the lower limb [91]. Aside from this, understanding the intensity (stretch-load
demand) of high ground reactions over short time frames, which are synonymous with these tasks,

is essential in the management and programming of athletes [25].

Given the scarcity of literature on the kinetic demands of TH and QH, their differences, as well as
their clear application in athlete rehabilitation and physical preparation, this study aimed to quantify
the stretch-load demands of both TH and QH assessments, with a focus on understanding the
increased demands of the QH. Our first hypothesis was that stretch-load demand, specifically
braking and propulsive forces, would increase with each ensuing hop during both tests. Our second
hypothesis was that hops 3 and 4 of the QH would require significantly greater stretch-load demand
than hops 1 and 2 of the TH or QH test. Understanding these movements' biomechanical, specifically
stretch-load demands, will enable practitioners to prescribe these jumps more effectively for injury

prevention, rehabilitation, and physical performance enhancement.
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5.2 Materials and Methods

5.2.1 Experimental Approach to the Problem

A cross-sectional study, which included repeated measures within-subject research design, was
used to determine the braking and propulsive kinetics of multiple hops in series (TH and QH).
Subjects attended the laboratory on two occasions: the first occasion to familiarise themselves with
the testing procedures and capture participants’ information (age, height, body mass, sport
participation, limb dominance), and the second occasion to capture GRFs during TH and QH tests.
The maximum vertical force, vertical impulse, vertical braking impulse, vertical propulsive impulse,
net anterior-posterior impulse, horizontal impulse, horizontal braking impulse, and horizontal

propulsive impulse were quantified and statistically analysed.

5.2.2 Participants

Forty-four male athletes (age 20.1 + 1.4 years; body mass 71.2 + 8.6 kg; stature 171.9 £ 5.1 cm) from
across various university sports (kendo, baseball, rowing, track athletics, field athletics, windsurfing,
cycling, soccer, basketball) volunteered to participate. All participants were required to be healthy
and injury-free at the time of testing. Potential participants were excluded if they had significant
historic injuries (e.g., previous ruptures or tears to major tendons or ligaments [Achilles, ACL]),
regardless of the post-injury training time. The study procedures followed the Declaration of
Helsinki, and ethical approval was granted by the Auckland University of Technology Review Board
(reference: 17/133) (Appendix 1) and the National Institute of Fitness and Sports in Kanoya Review
Board (reference: 8-123) (Appendix Il). Informed consent was obtained before inclusion in the study
(Appendices IV and V). Body mass was measured to the nearest 0.1 kg, and stature was measured
according to the methodology set out by the International Society for the Advancement of

Kinanthropometry [123] on a digital scale and stadiometer (Tanita DC-217A, Tokyo, Japan).
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5.2.3 Testing Procedures

Each participant attended a familiarisation session a minimum of three days before the first testing
session. The session included a standardised warm-up protocol repeated before the testing session.
The warm-up included dynamic limb flexibility exercises (upper and lower), general movement to
raise body temperature, explosive bounding movements to mimic test demands, and gradually

intense sprinting over 30 m. The testing process started five minutes after the warm-up was

completed.

The TH test protocol involved three hops on the same leg, while the QH test involved five hops on
the same leg (Figure 7). Because of the very high stretch-load demands placed on the body by this
test, three trials for TH and two trials for QH were completed in a randomised order for DOM and
NDOM limbs, minimising the risk of injury, reducing acute overuse, and reducing fatigue effects.

There was a two-minute rest period between the efforts before hopping on the other leg.
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Figure 7. Force plate signals of the QH
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Each hop began with the subject balancing on their hopping leg before propelling themselves
forward for the number of contacts specified in the test. For all tests, the subjects landed on two
feet after the final hop; contact with the ground with their hands after landing was permitted if the
hopping foot did not move further forward during landing. This was performed to encourage each
subject to achieve maximal horizontal displacement. Upper-limb motion was permitted during the
hops, replicating the motor patterns associated with athletic movements. Each subject was
instructed to "reach the furthest horizontal distance in the shortest possible time”. The hop trials
were conducted on an indoor synthetic track surface (Hasegawa Sports Facilities, Tokyo, Japan) that
covered 54x inground force platforms in series (TF-90100, Tec Gihan, Kyoto, Japan), and were linked
to a single computer that collected GRFs at a sampling rate of 1000 Hz. Force plate data were
captured for each trial, exported, tagged, and stored for later analysis. The GRF signals collected
during the hop trials were filtered using a 4"-order Butterworth low-pass digital filter with a 50 Hz
cutoff frequency, and horizontal and vertical hop propulsive and braking kinetics were determined,
with associated impulses calculated via the integration of force for each of the required periods. All
variables were computed using a custom algorithm (MATLAB R2021a, Mathworks Inc.,

Massachusetts, USA). Figure 7 depicts the force and distance signals obtained during a QH trial.

5.2.4 Validation of Stretch-load

When defining 'stretch-load' experienced by each participant (absolute measures), vertical braking
impulse was thought to be the variable of most interest and the period of stretch-load classified as
the moment of initial heel strike to the point of center of pressure (CoP) crosses the zero axis at the
anterior-posterior transition, assuming that the subject's CoM was directly above the foot at this
point, as previously described [114, 118]. This classification was internally validated with high
consistency using a MAC3-D motion capture system (Motion Analysis Corp., Santa Rosa, CA, USA;

250 Hz) to determine agreement between the instance of the participant’s centre of gravity and
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maximal knee flexion, with the instance of a switch from horizontal braking to horizontal propulsive
force and the second peak of the vertical GRF. Both vertical and horizontal braking impulses were
determined as the time integration of the GRF during the same period, from the moment of the
initial heel strike until the moment the force time curve crosses the zero axis in the anterior-
posterior waveform (see Figure 7) and therefore are indicative of the stretch-load associated with

each hop.

5.2.5 Statistical Analysis

Statistical analyses were conducted using an online spreadsheet (Microsoft Excel version 16.82) and
Jeffrey's Amazing Statistics Program (JASP) software (version 0.18.3; Amsterdam, Netherlands).
Using descriptive statistics (means and standard deviations), centrality and spread were calculated
and are presented in the tables. Assumptions of univariate normality, outliers, and sphericity were
assessed. Outlier analysis was conducted using boxplots, and values larger than three standard
deviations were manually omitted from further analysis. The Shapiro-Wilk test [145] evaluated

normality, and Q-Q plots were used to assess kurtosis and skewness visually.

The kinetic variables of Steps 1 and 2 in TH were compared using a pairwise sampled t-test.
Statistical significance was set at a p < 0.05. ES were reported using Cohen's d and categorised as
very small (<0.2), small (0.21-0.5), moderate (0.51-0.79), and large (>0.8) [36]. A repeated measures
analysis of variance (ANOVA) with one within-subject factor was conducted to determine whether
there were significant differences between Steps 1 to 4 in QH. Mauchly’s test was used to assess
the assumption of sphericity [102]; if the assumption of sphericity was violated, then Greenhouse-
Geisser corrections were applied [66]. Bonferroni post hoc comparisons were used to test the
differences in the estimated marginal means for each combination of within-subject effects. ES were

reported using partial eta squared (n?,) and categorised as small (0.01), medium (0.06), and large
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(0.14). The percentage change in the mean was calculated using the following equation (Equation

5):

Mean 2 — Mean 1
Mean 1

Percentage Change = ( ) x 100

Equation 5. Percentage change in the mean

5.3 Results

A summary of the absolute kinetic data for all variables measured for TH and QH is provided in Table
10. The step-to-step variations in QH and their statistical significance are listed in Table 11. Figure 8
shows a graphical representation of the raw kinetic measures and their trends, with raincloud plots
showing the probability of spread and density of distribution, and box plots showing the central

tendency, medians, and quartile ranges.

There was a significant increase of 27.5% (p < 0.001; ES = 2.03) in the maximum vertical force
between Steps 1 and 2 of the TH, with a large effect. The maximum vertical force during the QH
increased significantly across steps with each ground contact (p < 0.001; n?, = 0.78). The largest
percentage changes were observed between Steps 1 and 2 (22.8%), and similar increases (12.0 -
12.8%) were observed between Steps 2 and 3, and Steps 3 and 4. The distribution of measures of
the maximum vertical force increased across each step, with the most extensive spread observed in

Step 4 (Figure 8a).

A small but significant increase in the net vertical impulse of 3.5% (p < 0.001; ES = 0.80) between
Steps 1 and 2 of the TH. Small increases (7.20%) were observed across Steps 1-4 for net vertical

impulse of the QH (p <0.001; n?%, = 0.50). Step-to-step increases ranged from 0.53 to 4.55%, with no
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change observed between Step 1 and Step 2 (p = 1.000), and a small but significant change in Steps
2-3 (p=0.04) and Steps 3-4 (p <0.001). There was little change in the mean, median, and data spread

across the steps, as shown in Figure 8b.

Significant increases of 98.7% (p < 0.001; ES = 1.62) in the vertical braking impulse were observed
between Steps 1 and 2 of the TH. Vertical braking impulse increased during QH and differed
significantly across steps, the step-to-step changes ranging from 28.1 to 96.8%, with the largest
percentage changes seen in the early steps (p < 0.001; n%, = 0.86). A percentage change of 241%
was observed between Steps 1 and 4, reflecting the amplified demand for increasing the number of
hops in series. The spread in the braking impulse data was similar across the steps, with the largest

spread observed in Step 4 (Figure 8c).

The vertical propulsive impulse decreased 23.9% (p < 0.001; ES = -1.56) between Steps 1 and 2 of
the TH. The vertical propulsive impulse also decreased (15.6 to 21.0%) during the QH (p < 0.001; 1%

=0.87). The spread in the propulsive impulse data was consistent across Steps 1-4 (Figure 8d).

A significant decrease of 57.0% (p < 0.001; ES = 1.85) in the net anterior-posterior impulse was seen
between Steps 1 and 2 of the TH. Net anterior-posterior impulse also decreased during QH and
differed significantly across steps (p < 0.001; 2, = 0.88), with the largest change observed in the
final step (%A = 128.5%). The net anterior-posterior impulse data distribution was similar across

steps, with the largest spread observed in Step 4 (Figure 9a).
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Table 10. Absolute kinetic data for the TH and QH

TH Mean = SD QH Mean = SD
Step 1
Maximal Vertical Force (N) 2329+ 377.1 2307 +£338.2
Net Vertical Impulse (Ns) 400.1 +50.80 386.4 + 50.58
Vertical Braking Impulse (Ns) 93.80 + 47.09 7423+ 41.88
Vertical Propulsive Impulse (Ns) 308.0 + 44.12 317.3+44.09
Net Anterior-Posterior Impulse (Ns) 49.87 + 12.26 55.54+ 11.55
Horizontal Braking Impulse (Ns) 3.410 + 1.590 2.370+1.360
Horizontal Propulsive Impulse (Ns) 53.74+11.10 58.20 + 10.97
Step 2
Maximal Vertical Force (N) 2971 +518.6 2814 +504.4
Net Vertical Impulse (Ns) 411.4 + 47.83 388.6+51.28
Vertical Braking Impulse (Ns) 187.0 + 40.07 144.8 +32.77
Vertical Propulsive Impulse (Ns) 236.1+43.34 248.4+31.14
Net Anterior-Posterior Impulse (Ns) 21.46 + 10.02 32.25+ 6.000
Horizontal Braking Impulse (Ns) 13.56 + 4.080 8.200 + 3.010
Horizontal Propulsive Impulse (Ns) 35.48 + 8.340 41.67 + 6.560
Step 3
Maximal Vertical Force (N) 3150 +£549.5
Net Vertical Impulse (Ns) 393.8+46.22
Vertical Braking Impulse (Ns) 194.8 +30.51
Vertical Propulsive Impulse (Ns) 203.5+32.29
Net Anterior-Posterior Impulse (Ns) 13.98 + 6.890
Horizontal Braking Impulse (Ns) 17.90 + 4.380
Horizontal Propulsive Impulse (Ns) 31.67 + 6.040
Step 4
Maximal Vertical Force (N) 3596 +710.0
Net Vertical Impulse (Ns) 412.4+50.01
Vertical Braking Impulse (Ns) 249.3 + 48.49
Vertical Propulsive Impulse (Ns) 172.9+41.27
Net Anterior-Posterior Impulse (Ns) -4.790 + 14.34
Horizontal Braking Impulse (Ns) 29.55+8.930
Horizontal Propulsive Impulse (Ns) 24.88+7.720

Key: SD = standard deviation; N = newtons; Ns = newton seconds
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Significant increases of 291.8% (p < 0.001; ES = -2.22) in the horizontal braking impulse were
observed between Steps 1 and 2 of the TH. The horizontal braking impulse also increased (~1160%)
during the QH across steps (p < 0.001; n?%, = 0.87), with significant differences seen between steps
and diminishing percentage changes seen across steps (231.2%, 12.0%, 67.0%). The spread in the
horizontal braking impulse data gradually dispersed across the steps, with the largest spread

observed in Step 4 (Figure 9b).

A significant decrease in horizontal propulsive impulse of 40.0% (p < 0.001; ES =-1.60) was observed
between Step 1 and 2 of TH. The horizontal propulsive impulse also decreased (57.0%) during QH
between steps (p < 0.001; n%, = 0.84) with the spread of horizontal propulsive impulse measures

greater in Steps 1 and 4 (Figure 9c).
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Table 11. The marginal means contrasts for each combination of within-subject variables during QH for repeated
measures ANOVA

Mean Difference

%A p ES

(95% CI1)
TH Maximal Vertical Force (N)
Step2-—-Step 1 525.76 (359.79 — 691.72) 22.8 <0.001 1.01
Step 3 —Step 2 336.44 (170.48 — 502.40) 12.0 0.001 0.64
Step 4 —Step 3 403.07 (237.11 - 569.04) 12.8 <0.001 0.77
TH Vertical Impulse (Ns)
Step2-—-Step 1 2.057 (-5.513 -9.627) 0.53 1.000 0.05
Step 3 —Step 2 7.851(0.281 —15.421) 2.02 0.038 0.17
Step 4 —Step 3 17.917 (10.347 — 25.487) 4.55 <0.001 0.39
TH Vertical Braking Impulse (Ns)
Step2—-Step 1 71.87 (52.99 - 90.75) 96.8 <0.001 1.89
Step 3 —Step 2 52.15(33.27-71.03) 36.0 <0.001 1.37
Step 4 —Step 3 54.79 (35.91-73.67) 28.1 <0.001 1.44
TH Vertical Propulsive Impulse (Ns)
Step2—-Step 1 -66.65 (-80.87 —-52.42) 21.0 <0.001 -1.84
Step 3 —Step 2 -46.02 (-60.25 —-31.80) 18.5 <0.001 -1.27
Step 4 —Step 3 -31.73 (-45.95 --17.51) 15.6 <0.001 -0.88
TH Net Anterior-Posterior Impulse (Ns)
Step2-—-Step 1 -22.30 (-28.21 —-16.39) 40.2 <0.001 -2.25
Step 3 —Step 2 -19.26 (-25.17 —-13.35) 59.7 <0.001 -1.94
Step 4 —Step 3 -17.97 (-23.88 —-12.05) 128.5 <0.001 -1.81
TH Horizontal Braking Impulse (Ns)
Step2-—-Step 1 -5.48 (-8.23 —-2.70) 231.2 <0.001 -1.07
Step 3 —Step 2 -10.09 (-12.87 —-7.31) 123.0 <0.001 -1.96
Step 4 —Step 3 -11.99 (-14.77 —-9.21) 67.0 <0.001 -2.33
TH Horizontal Propulsive Impulse (Ns)
Step2-—-Step 1 -16.53 (-20.18 —-12.89) 28.4 <0.001 -2.05
Step 3 —Step 2 -10.00 (-3.54 — -6.36) 24.0 <0.001 -1.24
Step 4 —Step 3 -6.79 (-10.43 —-3.14) 21.4 <0.001 -0.84

Key: Cl = confidence interval; N = newtons; Ns = newton seconds; %A = percentage change. Note: Post-hoc Bonferroni
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5.4 Discussion and Implications

Whilst the kinematic measures of multiple hops in series have previously been reported [44, 97,
149, 150] and kinetic measures specific to joint work have been quantified [90, 91, 156, 159], to the
best of our knowledge, this is the first study in which an extensive summary of kinetic measures for
both TH and QH has been reported. Researchers quantifying exercise intensity through mechanical
stress have primarily focused on vertically oriented jumping tasks and single-leg standalone jumping
movements, using both peak GRF [45, 52, 81, 88] and impulse [45, 52, 81]. Impulse is an important
variable, as effective impulse determines the velocity of the CoM. Therefore, the hop distance [110,
133], i.e., the impulse-momentum relationship, is a reliable measure when determining plyometric
intensity [81]. As the net vertical and net horizontal (anterior-posterior) impulse measures provide
the summed impulses from the braking and propulsive phases, these variables will provide much of
the focus of this discussion. They will provide insight into changes in the stretch-load between hops.
With this context in mind, this study aimed to quantify the kinetics of both TH and QH, emphasising

understanding the increasing stretch-load demands of the QH.

The maximum vertical force across the TH and QH increased from ~2300 N (32 N.kg) to 3600 N (51
N.kg), translating to an average increase of ~14% across successive hops. The vertical braking
impulses increased (~75 - 249 Ns), whereas the vertical propulsive impulses decreased (~308 - 172
Ns) across hops. The net effect of these differences was little change (¥6%) in net vertical impulse
between hops across both jumps, with values ranging from ~386 - 412 Ns. With successive hops,
there appears to be an average increase of ~¥32% in hop vertical braking impulses, indicating a
substantial and progressive overload to the tissues responsible for vertical eccentric braking of the
downward momentum of the body, namely the plantar-flexor and Vasti groups of the lower limb.

The average reduction (~¥19%) in vertical propulsive impulses across hops and jumps might suggest
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reduced concentric force production in multiple hops or, most likely, less time to produce that force

given the increasing velocity of the CoM.

The horizontal braking impulses increased (~-2 to -30 Ns), whereas horizontal propulsive impulses
decreased (~58 to 25 Ns) across hops. The net effect of these differences was a substantial change
(~90%) in the net anterior-posterior impulse between hops across both jumps, with values ranging
from ~55 to -5 Ns. With successive hops, there appears to be a ~“56% average increase in hop
horizontal braking impulses, most likely attributed to the greater horizontal and downwards
velocities with ensuing hops, but also indicating that the foot during landing is touching down
further in front of the line of CoM, most likely due to the system’s need to produce greater forces

to prevent collapse to the ground.

Of interest was the comparison of demands between the TH and QH and how stretch-load increased
with ensuing hops, in agreement with our first hypothesis. Increases in the maximal vertical force
and vertical and horizontal braking impulses partly explain this increase in stretch-load. As can be
observed in Table 10 and Figure 7 of the QH sequence, the maximum vertical force, which occurs in
the initial ‘shock’ eccentric/stretch phase, steadily increased with successive hops, with the
increases between hops on average ~14%. By visual analysis of the vertical (blue) and horizontal
(red) increases in braking impulse in tandem with the averaged hop data mentioned previously
(increases of ~32 and 56%, respectively). In agreement with our second hypothesis, it can be
concluded that the final two hops of the quintuple offer a significantly higher stretch-load than the
initial steps in a QH or that of a TH. The addition of further hops in series also resulted in less
propulsive demand and greater braking demand, as seen in Figure 10. The subject's ability to
maintain or improve performance with increasing hop numbers and an increase in associated

vertical forces may be determined by their ability to handle higher system stretch load demands.
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These increases in the vertical and horizontal braking impulses are a function of higher forces over
shorter ground contact periods. One possible outcome is a change in horizontal braking impulse due
to a modified movement strategy in which the subject's heel strikes in front of its CoM, in an attempt
to slow down the system. The resultant ‘backwards’ position of the shank and the longer period of
ground contact relies on greater muscular force demand of the Vasti group to arrest impact, and
the hip extensors to subsequently ‘pull’ the CoM of the subject forwards. Conversely, it is
conceivable that coaching the athlete to position the foot under the CoM could reduce the
horizontal braking impulse and lend itself to a more positive antero-posterior impulse and greater
hop performance, although with increased reliance on a reactive Achilles tendon-calf complex and

hip extension torque.

The horizontal braking impulse was highly variable in this group, particularly in Step 4 of QH (see
Figure 9), and was most likely attributable to a limited and diminishing stretch-load capacity that
could not meet the system's increasing vertical demands. Another possible explanation for this
movement variability is that the subject was preparing for the ultimate final leap, as evident in the
TH and QH. The position of the heel strike was adjusted in front of the CoM, and the braking focus
was increased to assimilate the greatest propulsive impulse and maximise the distance jumped.

Future studies could determine this using additional kinematic analyses such as 3-D motion capture.

The magnitude of the increasing stretch-load demand is essential to understand if these jumps are
used for assessment and training purposes. For example, competency with TH assessments or
training would be a sensible progression prior to using a high-stretch load movement, such as the
QH for assessment or training purposes. Figure 11 shows the increase in vertical demand expressed
in body weights. In recognition of the rise in force demand with each additional hop, a clinician

should acknowledge whether the recovering RTS athlete can manage this level of supra-maximal
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load and whether they are at risk of injury when progressing from TH and QH training or

assessments.
a1
56 51
Vertical Propulsive Impulse 63
77 81
100%
B -
Hop1TH Hop 2 TH Hop 1QH Hop 2 QH Hop 3 QH Hop 4 QH
46
64
73
84
Horlzontal Propulsive Impulse 94 96 100%
Horizontal Braking Impulse -
I . | il

Figure 10. Percentage contribution of vertical and braking impulse towards net vertical and anterior-posterior impulse
across hops
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Figure 11. Maximal vertical force shown in bodyweights across hops

5.5 Summary and Conclusions

Given the scarcity of literature on the kinetic demands of TH and QH and their obvious application
in athlete rehabilitation and physical preparation, this study is novel. It provides practitioners with
valuable insights into the increasing stretch-load demands of multiple hops in series. When selecting
a suitable multiple hop test for rehabilitation or performance, some nuances may distinguish their
applications. The significant increases in maximum vertical force and braking impulses across hops
differentiate their stretch-load demand; therefore, careful implementation in programming for
gradual load tolerance in an athlete in a RTS phase is critical to not overload the lower limb and

trunk joints and tissues excessively and injuriously.

The high variability in horizontal braking impulse observed in this study also indicates differences in

movement strategies among the groups. While it is recognised that individual movement strategies
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and physical characteristics both influence optimal performance, which may not be easily de-
coupled, an effective coaching strategy to encourage the athlete to position the foot under the CoM
could reduce horizontal braking impulse, leading to a more positive anterior-posterior impulse and
better hop performance. However, this can only be achieved if the athlete has the physical capacity
to handle increased stretch-load demands due to larger vertical forces over shorter periods.
Combining kinetic (strengthening) and kinematic (technique cueing) methods will likely produce the

best results.

112



CHAPTER 6: DO OUTCOME OF MOVEMENT STRATEGY
VARIABLES PROVIDE BETTER INSIGHTS INTO
ASYMMETRIES DURING MULTIPLE HOPS?

This chapter comprises the following paper published in Biomechanics.

Reference:

Sharp, A.P., Neville, J., Nagahara, R., Wada, T. & Cronin, J.B. (2025). Do outcome or movement
strategy variables provide better insights into asymmetries during multiple hops? Biomechanics,

5(3), 67.

6.0 Prelude

In Chapter 5, valuable insights into the increasing stretch-load demands of multiple hops in series
was provided. The significant increases in maximum vertical force and braking impulses across hops
clearly highlight the stretch-load demands of the latter hops, which has several interesting
applications for both strength and conditioning coaches and physiotherapists. Throughout this
discussion, a consistent theme emerges: while TH distance offers an easy-to-quantify, reliable, and
objective measure of performance for clinicians and coaches, the distance hopped itself is an
outcome measure that fails to reveal movement strategies. This inability to distinguish between the
movement characteristics of each hop may hide potential deficiencies, such as eccentric braking
capacity, which, if undetected, could increase the risk of injury or re-injury. Given this context, the
focus of this study was to evaluate how TH and QH kinematics and kinetics can describe vertical and

horizontal cyclic asymmetries. Ultimately, clinicians and coaches need diagnostic information that
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enhances understanding of an individual’s physiological and biomechanical status, enabling better

exercise prescriptions to improve patient and athlete outcomes.

6.1 Introduction

Acyclic and cyclic jumps are commonly used to assess limb asymmetry, serving as key indicators of
injury risk in rehabilitation management and RTS protocols. These jump assessments, conducted
with either vertical or horizontal force orientations, offer insights into an individual’s neuromuscular
status. When evaluating horizontal asymmetry, the single-leg hop, TH, and crossover-hop are the
most commonly used assessments [44, 90, 93, 94, 97, 115, 138]. Davey et al. (2021) [44] concluded
that the TH assessments display greater ecological validity for team sport athletes, closely mimicking
the propulsive and decelerative force demands associated with short GCT typically observed in
these sports. Despite this suggested validity, the reliability measures reported by researchers [115]
and their demonstrated application in rehabilitation settings raise concerns that discrete distance
values (outcome variables) alone do not adequately capture the nuances of movement strategy
[93]. Consequently, Kotsifaki et al. (2022) [93] suggested that a more comprehensive understanding
of TH asymmetry could be achieved by integrating outcome variables with those reflecting

underlying movement strategies, through kinetic analysis.

Researchers [44, 97, 139] have investigated the usefulness of TH flight times or hop distances
divided by GCT, also known as horizontal RSI (RSlher), in quantifying asymmetry. The main findings
from these research groups were: (1) TH distance alone masked residual deficits in reactive strength
performance; thus, more detailed analyses of individual hop performance may be warranted [97];
(2) although only trivial to small differences in mean asymmetry were observed, significant within-

group variation was noted, highlighting the importance of also analysing data individually [44]; (3)
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the direction of asymmetry can fluctuate between hops and test sessions, underlining the value of
also monitoring the direction of the imbalance [44]; (4) vertical and horizontal RSI shows a poor
level of agreement, and when calculating RSlhor, flight time and hop distance should not be used
interchangeably [138]; and (5) Davey et al. (2021) determined TH RSlhor both within and between

sessions to be highly reliable in a group of adolescent male American football players [44].

It is important to note that research on TH asymmetry so far has focused on basic kinematic
outcome strategy variables, which have been determined reliable using a simple measuring tape or
using basic smartphone video capture [149, 150]. Performance-based outcome variables, such as
hop distance, overlook the movement strategies or kinetic demands that contribute to these results.
Key elements of movement strategy involve kinetic aspects, such as vertical and horizontal braking
and propulsion forces or impulse, that influence kinematic variables like flight time and ground
contact duration for each hop [47]. Kinetic variables, such as vertical and horizontal braking and
propulsive impulses and forces determined using force platforms, may therefore provide deeper
diagnostic insights into cyclic asymmetry and guide more effective exercise prescriptions.
Furthermore, Kotsifaki et al. (2021) [89] reported that athletes post-ACLR (anterior cruciate
ligament reconstruction) were nearly symmetrical in terms of hop distance (within 3% difference),
yet they still displayed moderate to large differences in knee function during propulsion (69%). This
is further supported by evidence showing that athletes have returned to sport after rehabilitation
but still exhibit significant functional deficits in limb symmetry [74, 85]. Furthermore, the authors of
this study have observed that individuals who manage the stretch-load demands of the TH
assessments (approximately 3.3 to 4.3 bodyweights) can struggle with the higher stretch-load
demands associated with the later landings of the QH assessments (approximately 3.3 to 5.2
bodyweights) [151]. Given the increased stretch-loading in the QH, greater levels of asymmetry may

be detectable in the latter hops in those unable to attenuate these increased biomechanical
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demands. With this information, the primary focus of this paper is to understand the utility of TH
and QH kinematics (outcome variables) and kinetics (movement strategy variables) in describing
vertical and horizontal cyclic asymmetries. Specifically, the aims were to: 1) determine the
magnitude and direction of asymmetries; 2) assess whether kinematic and/or kinetic variables
demonstrate greater asymmetry for the same movement; 3) compare vertical and horizontal
asymmetries across hops; and 4) evaluate if the magnitude of asymmetry differs between the TH
and QH assessments. It was hypothesised that increased asymmetries would be evident in the
kinetic measurements of hops that require higher stretch-loads, particularly in the vertical and

horizontal braking impulses during hops 3 and 4 of the QH.

6.2 Methodology

6.2.1 Participants

Forty-four male university athletes (age: 20.1 + 1.4 years; body mass: 71.2 + 8.6 kg; height: 171.9 +
5.1 cm) from a wide range of sports disciplines and expertise from novice to elite; including kendo,
baseball, rowing, athletics, windsurfing, cycling, soccer, and basketball volunteered to participate in
this study. All subjects were required to be healthy and free from injury at the time of testing. Those
with a history of major musculoskeletal injuries (e.g., ruptures or tears of key tendons or ligaments
such as the Achilles tendon or ACL were excluded, regardless of rehabilitation status. Ethical
approval was obtained from both the Auckland University of Technology Ethics Committee
(Reference: 17/133) (Appendix I) and the National Institute of Fitness and Sports in Kanoya Ethics
Board (Reference: 8-123) (Appendix II) and study procedures adhered to the Declaration of Helsinki.
All subjects provided written informed consent (Appendices IV and V). Body mass was measured to

the nearest 0.1 kg, and height was assessed using standard protocols from the International Society
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for the Advancement of Kinanthropometry [123], using a digital scale and stadiometer (Tanita DC-

217A, Tokyo, Japan).

6.2.2 Procedures

Subjects completed a familiarisation session at least three days prior to testing. This included a
standardised warm-up protocol, approximately 20 min in length, which was repeated on the day of
testing. The time of testing varied between a morning or afternoon session; however, ambient
temperature was consistent at 10 - 12 degrees centigrade in an indoor training facility. The warm-
up involved dynamic stretching exercises for both upper and lower limbs, general movement to
increase body temperature, explosive bounding drills to replicate the demands of the tests, and

progressively faster 30 m sprints. Testing began five minutes after the warm-up.

The TH and QH consisted of three and five consecutive horizontal hops, respectively, performed on
the same leg (Figure 12). The reliability of these tests has been determined previously [149, 150].
Due to the high physical demands of these tests, subjects completed three trials of the TH and two
trials of the QH in a randomised order for both DOM and NDOM limbs. In this study, dominance was
determined by their ‘kicking limb’, as has been determined and commonplace in other similar
studies [48]. A 2 min rest period was provided between trials and before switching legs to reduce
fatigue and injury risk. Each trial began with the participant balancing on one leg before initiating
the hops. After the final hop, subjects were instructed to land on both feet. Touching the ground
with the hands was permitted, provided the hopping foot did not advance after landing. This
approach encouraged maximal horizontal distance. Arm movement was allowed to reflect natural
athletic coordination. Subjects were instructed to “cover the greatest horizontal distance in the

shortest amount of time.”
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Figure 12. The sequence of a right foot TH test (green)

All hop trials were performed on an indoor synthetic track surface (Hasegawa Sports Facilities,
Tokyo, Japan), which housed a series of 54x embedded force platforms (TF-90100, TF-3055, TF-
32120; Tec Gihan, Kyoto, Japan). These platforms were connected to a single computer system for

synchronised data acquisition. GRFs were recorded at a sampling rate of 1000 Hz for each trial.

The force data was captured, exported, tagged, and stored for subsequent analysis. GRF signals
were processed using a 4"-order Butterworth low-pass digital filter with a 50 Hz cutoff frequency
to remove any mechanical or electrical ‘noise’ from the force platform itself. From these filtered
data, both horizontal and vertical components of propulsive and braking kinetics were extracted.

Impulses were calculated by integrating the GRF signals over the appropriate time intervals.

Vertical braking impulse was defined as the period from the moment of initial heel strike to the
point where the CoP crosses the zero axis at the anterior-posterior transition, assuming that the
subject's CoM was directly above the foot at this point, as previously described [114, 118]. This
classification was internally validated with high consistency using a MAC3-D motion capture system

(Motion Analysis Corp., Santa Rosa, CA, USA; 250 Hz) to determine agreement between the instance
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of the participant’s centre of gravity and maximal knee flexion, with the instance of a switch from
horizontal braking to horizontal propulsive force and the second peak of the vertical GRF. Both
vertical and horizontal braking impulses were determined as the time integration of the GRF during
the same period, from the moment of the initial heel strike until the moment the force time curve
crosses the zero axis in the anterior-posterior waveform. All kinetic variables were normalised to
body mass to account for inter-individual variability. Data processing and analysis were conducted

using a custom MATLAB algorithm (R2021a, MathWorks Inc., Natick, MA, USA).

6.2.3 Data Processing and Outcome Measures

Touchdown and take-off were identified using a 20 N threshold in the vertical GRF from the filtered
data. The RSlhor was calculated for each individual hop as described by Sarabon et al. [138], as the
ratio between hop distance by the preceding ground contact time (Equation 6). Total RSlhor for each
trial was computed by dividing the total hop distance by the cumulative ground contact time across

all hops.

Reactive Strength Index Horizontal (RSIhor) = ( Hop Distance )

Ground Contact Time

Equation 6. Reactive strength index horizontal

6.2.4 Statistical Analysis

Descriptive statistics, including means and standard deviations, were used to summarise central
tendency and variability. Assumptions of univariate normality, outliers, and sphericity were
assessed prior to inferential analysis. Outliers were identified through boxplot inspection, with data
points exceeding three standard deviations from the mean manually excluded from further analysis.
The Shapiro—Wilk test [144] was used to assess normality, complemented by Q—Q plot inspection
for visual evaluation of kurtosis and skewness. Limb asymmetry between DOM and NDOM limbs
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was calculated using average trial data in Microsoft Excel (version 16.93.1; Microsoft Corp.,
Washington, USA) following Equation 7 [17, 44]. The magnitude of asymmetry was expressed as a
percentage by comparing the mean values of the DOM and NDOM limbs. Paired t-tests were used

to determine the statistical significance of these differences.

100

Maximum Value

Asymmetry = [( ) X (Minimum Value)] x =14 100

Equation 7. Hop asymmetry percentage (%)

The direction of individual asymmetries was determined by using an IF function (*IF(DOM
limb/NDOM limb, -1, 1)) as described by Davey et al. (2021) and used for further individual analysis

[44].

6.3 Results

The means and standard deviations for all kinematic and kinetic data are detailed in supplementary
Tables S1 and S2 (Appendix VII). Asymmetries in kinematic data for the TH and QH protocols are
summarized in Table 12. The average kinematic asymmetries were consistently below 7.1%, ranging
from 0.00% to 28.9%, with RSI showing the greatest asymmetry. Large standard deviations were
observed across all asymmetries, indicating high variability. The magnitude of these asymmetries
varied across different kinematic parameters. Notably, greater flight times (0.629 to 1.81%) were
observed in the NDOM limb during all QH trials, contributing to longer hop durations for the NDOM
limb. However, across the forty kinematic variables, significant differences between limbs of
averaged values were only seen in Flight Time (Hop 3) and Hop Time (Hop 2-3) (p < 0.05) of TH which
are both closely linked (Appendix VII - Table S1). Averaged kinetic asymmetries ranged from 0.0%

to 95.4%, with the largest asymmetries observed in the vertical and horizontal braking impulses and
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are summarised in Table 13. The magnitude of asymmetry in the kinetic variables varied across the
TH steps. During the QH test, greater (31.5-51.8 N.kg) mean maximal vertical force values were
consistently observed in the NDOM limb across steps compared to the DOM limb (31.2-50.1 N.kg),
whereas larger (0.833-0.370 Ns.kg) horizontal propulsive impulses were consistently observed in
the DOM limb across all hops compared to the NDOM limb (0.814-0.313 Ns.kg) across steps. Vertical
braking impulses for both the TH and QH protocols were significantly greater for Hop 1 than
subsequent hops (TH: 29.6 + 24.1%; QH: 39.8 £ 31.6%). The asymmetry between hops decreased by
~2% across subsequent hops, with reduced between-subject variability (11.2% to 15.6%, range:
0.0% to 53.8%). Vertical propulsive impulse asymmetries were consistent across the TH and QH
protocols (7.77% to 15.4%, range = 0.0% to 61.6%), with minimal changes in asymmetry between
hops (~1% to 2%). Notably, significantly greater variability was observed in the final hop for both
the TH and QH protocols, inflating the mean values (TH range: 0.0% to 47.5%; QH range: 0.75% to
61.6%) when compared to earlier hops (range: 0.0% to 31.0%). Horizontal braking impulse
asymmetries decreased between each hop for the TH and QH protocols (38.8% to 19.9%), with a
reduction in between-subject variability (range: 0.0% to 90.9%). A ~14% A in asymmetry was
observed between Hops 1-2 and Hops 2-3 in the TH protocol, and a ~4% to 11% A was noted
between hops in the QH protocol. In contrast, horizontal propulsive impulse asymmetries increased
between hops for both protocols (10.4% to 17.6%). A ~44% A in asymmetry was observed between
Hops 1-2 and Hops 2-3 in the TH protocol, while the A in asymmetry between hops in the QH
protocol ranged from ~1% to 3%. Significant differences between limbs were only seen in horizontal

propulsive impulse (Hops 2-3) of the TH (p < 0.001) and Hops 3-4 and Hops 4-5 in the QH (p < 0.05).
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Table 12. TH and QH mean asymmetry scores (%) £ SD for hop kinematics

TH QH
Asymmetry Variable Means  SD (%) Range (%) Means  SD (%) Range (%)
Flight Time
Hop 1 4.72 +3.85 0.00to 14.3 4.631£3.23 0.00to 12.9
Hop 2 4.51+3.38 0.00to 11.8 6.31+5.94 0.00 to 26.5
Hop 3 4.59+3.92 0.00to 14.0 6.18 +4.26 0.00to 17.1
Hop 4 5.24+3.98 0.00to 17.1
Hop 5 434 +3.64 0.00to 14.9
Ground Contact Time
Hops 1-2 5.41+3.92 0.00 to 16.7 4.77 £4.02 0.00to 17.2
Hops 2-3 5.25+3.41 0.00to 14.3 5.09+4.02 0.00 to 16.7
Hops 3-4 5.52+4.42 0.00to 17.9
Hops 4-5 4.58 +3.66 0.00to 14.3
Hops Times
Hops 1-2 3.41+3.14 0.00to 12.3 4521295 0.00to 11.3
Hops 2-3 3.49+2.24 0.00t09.23 4.25+2.79 0.00 to 10.5
Hop 3-4 3.83+3.44 0.00to 12.3
Hop 4-5 3.48+2.75 0.00to 13.0
Total Hop Time 2.39+2.18 0.00t09.20 2.45+1.62 0.00to 6.29
Hop Distance
Hop 1 3.67+2.54 0.00to 11.2 3.66 +3.27 0.00to 12.6
Hop 2 3.04+2.41 0.00t09.41 3.50+3.16 0.00to 12.7
Hop 3 3.18 +2.38 0.00to 11.1 3.88+2.35 0.40to0 10.1
Hop 4 4.01£3.07 0.50t0 10.4
Hop 5 4.65+3.19 0.00to 11.9
Total Hop Distance 2.39+1.89 0.18 t0 10.6 3.32+2.72 0.09t09.34
Reactive Strength Index
Hops 1-2 5.45+4.05 0.14t0 22.0 5.49+4.86 0.00 to 25.8
Hops 2-3 6.26 +4.59 0.25t017.0 6.08 +£5.92 0.13to0 28.9
Hops 3-4 7.07£5.29 0.13t025.4
Hops 4-5 7.04 +4.56 0.33t018.5
Total RSlhor 4.87 £3.33 0.27 to 14.2 5.16 +4.29 0.08 to 20.5

Key: SD = Standard Deviation; Time variables = seconds; Distance variables = meters; RSI = m.s-1
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Table 13. TH and QH mean asymmetry scores (%) + SD for hop kinetics

TH QH
Asymmetry Variable Means = SD (%) Range (%) Means + SD (%) Range (%)
Maximal Vertical Force
Hops 1-2 9.94+7.87 0.15-33.9 8.06+7.24 0.33-30.6
Hops 2-3 10.3+7.53 0.07-29.1 10.4 £ 8.88 0.08 - 36.6
Hops 3-4 11.2+8.70 0.96-28.3
Hops 4-5 11.5+7.61 0.41-29.1
Vertical Braking Impulse
Hops 1-2 29.6+24.1 0.00-91.2 39.8+31.6 0.00-95.4
Hops 2-3 143+ 12.0 0.75-51.1 156t 124 0.78-53.8
Hops 3-4 13.5+10.9 0.33-40.2
Hops 4-5 11.2 £ 8.96 0.00-30.8
Vertical Propulsive Impulse
Hops 1-2 7.77 £5.95 0.45-25.6 8.93+6.13 0.46 -27.6
Hops 2-3 9.44 + 8.87 0.00-47.5 7.96 +5.44 0.00-24.3
Hops 3-4 10.2+7.15 0.32-31.0
Hops 4-5 154+ 14.0 0.75-61.6
Horizontal Braking Impulse
Hops 1-2 38.8+26.0 0.00-90.9 32.4+23.6 0.00-87.5
Hops 2-3 249+ 16.6 0.00-72.7 36.9+23.6 0.00-84.0
Hops 3-4 25.0+14.2 0.00-61.3
Hops 4-5 19.9+15.0 1.72-51.8
Horizontal Propulsive Impulse
Hops 1-2 10.8 £ 7.07 0.00-28.4 10.4+8.91 0.00-37.4
Hops 2-3 14.8 £9.30 0.00-34.0 11.8+8.44 0.00-31.7
Hops 3-4 14.4 +9.82 0.00-42.2
Hops 4-5 17.6£12.3 2.56 -66.7

Key: SD = Standard Deviation; Force variables = N; Impulse variables = Ns.kg

An individualised analysis of QH asymmetry, including both magnitude and direction, is presented
in Table 14. Three subjects were selected based on their hop performance, representing the
furthest, mean, and shortest QH distances, respectively. While no consistent trend was observed in
the direction of kinematic measures across the subjects, ground contact time and hop distance
demonstrated limb-specific biases in subjects 2 and 3. Specifically, subject 2 exhibited a bias toward

the DOM limb, whereas subject 3 showed a bias for the NDOM limb. Kinetic measures did not reveal
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a consistent trend in limb dominance across subjects. However, subject 2 exhibited a dominant limb

bias in both vertical braking and horizontal propulsive forces across the hops.

Table 14. QH asymmetry direction within individuals of varying QH success

QH Distance (DOM/NDOM/mean)

Variable

Subject 1

14.1m/14.1m/14.1 m

Asymmetry/Direction

Subject 2

11.3m/10.8m/11.1m

Asymmetry/Direction

Subject 3

7.80m/8.15m/7.97m

Asymmetry/Direction

Hop Distance
Hop 1
Hop 2
Hop 3
Hop 4
Hop 5

Total Hop Distance

1.51%/NDOM
1.92%/DOM
1.40%/NDOM
1.67%/DOM
0.27%/DOM
0.21%/DOM

3.80%/DOM
4.81%/DOM
4.80%/DOM
2.08%/DOM
4.44%/DOM
3.29%/DOM

7.30%/NDOM
3.50%/NDOM
3.23%/NDOM
7.00%/NDOM
0.97%/NDOM
4.29%/NDOM

Ground Contact Time

Hops 1-2 3.85%/DOM 6.67%/DOM 9.68%/NDOM
Hops 2-3 16.7%/DOM 3.45%/DOM 0.00%/n/a
Hops 3-4 4.35%/NDOM 7.14%/DOM 7.41%/NDOM
Hops 4-5 4.76%/NDOM 0.00%/n/a 10.7%/NDOM
Vertical Braking Impulse

Hops 1-2 57.0%/NDOM 90.9%/DOM 34.2%/DOM
Hops 2-3 16.6%/DOM 9.41%/DOM 42.3%/DOM
Hops 3-4 18.4%/NDOM 0.37%/DOM 31.7%/NDOM
Hops 4-5 22.8%/ DOM 0.30%/DOM 28.3%/NDOM
Horizontal Braking Impulse

Hops 1-2 0.00%/n/a 0.00%/NDOM 77.8%/NDOM
Hops 2-3 80%/NDOM 7.69%/NDOM 50.0%/DOM
Hops 3-4 56.5%/NDOM 20.00%/DOM 25.0%/DOM
Hops 4-5 46.0%/NDOM 2.44%/DOM 29.0%/NDOM
Vertical Propulsive Impulse

Hops 1-2 11.2%/DOM 0.78%/NDOM 99.6%/NDOM
Hops 2-3 1.78%/NDOM 0.00%/n/a 43.4%/NDOM
Hops 3-4 9.30%/DOM 2.29%/DOM 44.4%/DOM
Hops 4-5 25.6%/DOM 1.53%/DOM 49.1%/DOM

Horizontal Propulsive Impulse

Hops 1-2
Hops 2-3
Hops 3-4
Hops 4-5

7.34%/DOM
5.19 %/NDOM

15.2%/DOM

28.3%/DOM

2.13%/DOM
14.3%/DOM
12.8%/DOM
21.1%/DOM

15.4%/DOM
5.66 %/NDOM
18.8%/NDOM

6.25%/DOM

Key: QH = quintuple hop; m = metres; NDOM = non-dominant; DOM = dominant
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6.4 Discussion

Physiotherapists and strength and conditioning coaches commonly utilise multiple hop movements
to assess limb asymmetry, which serves as a key indicator of injury risk and plays an essential role
in rehabilitation and RTS protocols. This research aimed to enhance the understanding of how TH
and QH, and their associated asymmetries, could be used effectively in clinical and performance
settings. Specifically, the aims were to: 1) determine the magnitude and direction of asymmetry; 2)
whether kinematic and or kinetic variables were more sensitive to asymmetries; 3) whether vertical
and horizontal asymmetries were comparable across hops; and 4) if the magnitude of asymmetry
differed if a TH or QH was used. The main findings were as follows: 1) the averaged kinematic
asymmetries were below 7.1%, and ranged from 0.00% to 28.9%, with the greatest asymmetries
observed in the QH (hop 2-3) RSI, and individual asymmetries showed no consistent trend across
variables, however ground contact time and hop distance showed limb-specific biases in two of the
three subjects; 2) the average kinetic asymmetries were under 39.8%, ranging from 0.00% to 95.4%,
with the largest asymmetries found in vertical braking impulse (hop 1-2); 3) greater asymmetries
were noted in braking (mean 14.3-38.8%, max 95.4%) rather than propulsive (mean 7.77-14.8%,
max 66.7%) impulses, however there was no evidence for an increase in asymmetry with greater
stretch loads (i.e. hops 3-4) as hypothesized; and, 4) there was a great deal of individual variability

across measures as evidenced by large ranges and standard deviations.

A primary aim of the study was to determine the magnitude of asymmetry in both the kinematics
and kinetics of horizontal multiple hops in series, specifically GRFs on embedded force platforms.
Our findings were that average measures of kinematic asymmetry were < 7.1% for both the TH and
QH assessments, which were in agreement with previously reported kinematic asymmetries [44] as

well as less than asymmetry thresholds (10-15%) thought to affect performance or increase injury
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prevalence [20]. Davey et al. (2021) [44] reported mean asymmetries in kinematic variables of TH
assessment ranging from 3.73 to 7.79% which aligned closely with our findings (2.39 to 5.25%).
Whilst the RSI are not directly comparable given different computations (flight time vs. hop
distance), the increases in RSI asymmetry observed by Davey et al. (2021) [44] between TH (~7.4 to
11.0%), were not reflected in our results (~5.5 to 6.3%), or for the QH assessment (~5.5 to 7.0%).
The average kinetic asymmetries were substantially greater (< 38.8%) than the kinematic
asymmetries, with measures reaching as high as 95.4% observed in braking impulse variables. This
is likely due to the variability associated with braking movement strategies and/or eccentric force
capability [78], along with instantaneous fluctuations in mass-specific impulse. The direction of
asymmetries observed for both kinetic and kinematic variables was non-uniform and consistent
with previously reported studies [17-19, 44, 97], and individual analysis of both kinematic and

kinetic data is justified.

Of interest to the authors was the magnitude of asymmetry associated with kinematic or kinetic
variables. As intimated previously, kinetic variables are more sensitive to quantifying movement
asymmetry, given that the averaged kinematic asymmetries were below 7.1% (ranging from 0.00%
to 28.9%), whereas averaged kinetic asymmetries for TH and QH were as high as 38.8% (ranging
from 0.00% to 95.4%). Similar kinetic asymmetries have been noted previously in horizontally
oriented single-leg jump tasks. Bishop et al. (2021) noted individual asymmetries in peak force
(~28%), eccentric impulse (~¥34%), and concentric impulse (~22%) for single-leg broad jumps [17];
however, not to the magnitude of those seen in this study, which makes sense given the higher
stretch-loading associated with multiple hops and in particular the fourth and fifth hops of a QH
assessment [151]. Our findings support the work of Kotsifaki et al (2021) who suggested that
reporting the asymmetry associated with discrete outcome variables such as distance jumped does

not adequately characterise the quality of the movement, and that movement strategy (kinetic)
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variables should be considered as they can give a fuller picture of hip-knee-ankle function in making

decisions on RTS [89].

Additionally, it was of interest whether horizontal and vertical kinetic asymmetries were
comparable across hops. When examining propulsive impulses, asymmetries were relatively similar
between hops, with horizontal asymmetries being ~2-5% greater than vertical propulsive
asymmetries, with this difference increasing with each successive hop. In contrast, horizontal
braking impulses, except Hops 1-2, were ~10-20% greater than their vertical counterparts. To the
authors' knowledge, no other researchers have examined asymmetries in this manner. Whether
these differences can be explained in terms of physical or technical deficiencies is unknown;
however, it may be that horizontal eccentric/braking capability was relatively untrained in this
cohort. Alternatively, the effect of foot placement relative to the moving CoM could have influenced
braking forces more than vertical braking impulses. Interestingly, Kotsifaki et al (2021) found that
TH asymmetry in a cohort recovering from ACLR was more pronounced in the force
generation/concentric phase rather than the force absorption/eccentric phase, which was not the
case in this study; the physiological status of the respective cohorts no doubt explaining the
differences [89]. Furthermore, Lloyd et al. (2020) concluded that TH distance masked the residual
deficits in reactive strength performance, and our vertical and horizontal braking asymmetries

certainly support such a contention [97].

It was hypothesised that the increased stretch-load demand of QH assessment would result in more
significant asymmetries in the later hops. Regarding vertical and horizontal propulsive impulse, the
actual asymmetry increased by ~7% across jumps. However, contrary to the hypothesis, no
significant increase in asymmetries were observed with greater stretch loads (i.e., hops 3-4); in fact

vertical and horizontal braking impulse asymmetry decreased by ~13 to 28% across hops, and
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therefore the hypothesis was rejected. Why this is the case is unclear, and since no other research

group has examined the effect of stretch-loading asymmetry, comparing our findings is problematic.

Itisimportant to note the large standard deviations observed with some of the averaged asymmetry
measurements, highlighting considerable within and intra-subject variability, underlying the
importance of looking past the averaged data and more at individual results; this variability has been
reported in previous studies [17, 44, 97]. The levels of variability seen in this study are incomparable
to those seen in other multiple hop studies, a phenomenon with this type of testing. Asymmetries
higher than 95% were seen in braking impulses, and only comparable to those seen in kinetics of
high velocity sprinting, but incidentally not statistically significant due to the high variability seen
[55]. Previously, Bishop et al. (2022) [18] determined that the magnitudes of asymmetry were
inconsistent across time points during a competition season; however, they also determined that
limb dominance was consistent. It is conceivable that substantial shifts in limb dominance and
magnitude are expected, within sessions and over time. The variability in movement strategy, both
for propulsion and braking, mainly depends on the preceding hop strategy and is not independent
of one another. Therefore, dominance could be influenced by, and frequently change based on, the
variable being assessed and the task in question [48]. Regardless, this high variability likely precludes
any meaningful between-group session comparisons, and our results would support other authors’

suggestions to analyse symmetry data individually [97].

A limitation to this study was the utilisation of a heterogeneous non-injured sample of male
university-level athletes; therefore, generalisations of these results to other populations, such as
females or those with lower limb injuries, must be made cautiously. Whilst every reasonable
precaution was taken to ensure subjects were in a similar state of rest from physical training, this

could not be guaranteed due to the varied nature of the sports involved. However, other
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researchers have suggested that this may not impact the magnitude and direction of asymmetry
[18, 44]. Further to this is the determination of dominance between limbs for limb-to-limb
comparisons. In this study, dominance was determined by their ‘kicking limb’, whilst this might be
a rational approach and commonplace in other studies [48], this does not establish it as a ‘stronger
limb’, or a better performing limb in hopping or other sports-related tasks [49], as this is highly
individual. Further, there is the potential for this to further mask asymmetry due to quantification
of dominance. In contrast, studies in injured cohorts have used affected or injury limb versus non-

affected or uninjured limb in their classification [74, 93, 97].

6.5 Conclusions and Practical Applications

This study advances the understanding of the expected magnitude of asymmetries that can be
observed in horizontally oriented hopping tasks by highlighting understanding of the potential
asymmetries in outcome (kinematic) and movement strategies (kinetic) factors influencing hop
performance. Consistent with previously reported perspectives, the authors suggest that multiple
hop tasks, such as the TH and QH, provide a more functionally relevant assessment of lower limb
musculature and asymmetries than single hop variations, and that performance coaches utilise
these assessments to provide greater insight into training recommendations. While hop distance is
commonly used as a reliable outcome-based measure, it offers limited insight into the underlying
movement strategies employed during task execution and an understanding of movement strategy
could provide practitioners in rehabilitative settings with an objective understanding of potential
future injury risk and drive RTS milestones. This limitation may obscure key deficits, such as reduced

eccentric braking capacity that could elevate the risk of injury or re-injury if left unidentified.

129



To enhance diagnostic utility, practitioners are encouraged to clearly differentiate between
outcome measures and movement strategy variables, and where feasible, to assess both
concurrently. Particular attention should be given to distinguishing propulsive and braking
mechanisms, as well as parsing horizontal and vertical components of motion. Although averaged
data can reveal general trends, a more individualised approach is recommended to capture limb
asymmetry and movement strategies in more detail. Furthermore, given the minimal differences in
asymmetry identified between TH and QH tests, the inclusion of both in assessment batteries may
be unnecessary. Notably, technologies other than force platforms, such as mobile video analysis or
inertial sensors, can yield valuable information in movement strategies in more accessible and cost-
effective ways. Furthermore, future research should consider longitudinal studies in populations

returning to play and those under fatigue.
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CHAPTER 7: USING MULTIPLE HOP ASSESSMENTS AND
REACTIVE STRENGTH INDICES TO DIFFERENTIATE
SPRINTING PERFORMANCE IN SPORTSMEN

This chapter comprises the following paper published in Applied Sciences.

Reference:

Sharp, A.P., Neville, J., Nagahara, R., Wada, T. & Cronin, J.B. (2025). Using Multiple Hop Assessments
and Reactive Strength Indices to Differentiate Sprinting Performance in Sportsmen. Applied

Sciences, 15(4), 1685.

7.0 Prelude

A recurring theme throughout the chapters has been to assess whether the QH test offers any
advanced diagnostic information beyond the TH test. This has been examined in terms of
kinematics, kinetics, and asymmetries within the thesis, as well as in performance and rehabilitation
contexts. From the beginning, the usefulness of hop assessments for profiling, monitoring, and
training sprint performance was of particular interest. The TH is widely used by practitioners
focusing on the neuromuscular function of athletes during rehabilitation and sports performance.
The QH is less extensively researched, possibly due to the greater neuromuscular demands of the
latter hops. In Chapter 6, increases of approximately 56% in maximal vertical force, 236% in vertical
braking impulse, and 1147% in horizontal braking impulse across steps were observed. Given the
higher neuromuscular demands, the QH may serve as a better discriminator of sprint ability

compared to the TH. Whether this is true was the main focus of this chapter. The results should
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provide practitioners with valuable insights into the potential usefulness of multiple hop tests for

evaluating and improving athletic performance.

7.1 Introduction

Multiple hops and jumps, specifically TH and QH, have been found to be valid and reliable tools for
evaluating athletes’ physical capabilities [23, 69, 115, 149, 150]. Moreover, these types of hop and
stop tests are considered suitable for late-stage rehabilitation assessment and for improving athletic
performance, such as sprinting, as their execution requires high neuromuscular demands, and in
turn necessitates a significant tolerance for stretch-load through cyclical expressions of unilateral
propulsive and braking forces [161]. Four research groups [33, 68, 103, 104] have examined the
relationship between TH distance and short (10 - 20 m) sprint performances (times and velocities),
with some variability observed between these studies (r = 0.33 to -0.89). A very large negative
correlation (r = -0.86) between TH distance and 20 m sprint time was reported in recreationally
engaged male sports athletes [103], and strong correlations (r = 0.68) with 10-yard sprint time, again
in a cohort of mixed sub-elite level male athletes [33]. Habibi et al. observed similarly high
correlations (r = 0.89) for sub-elite male sprinters with 10 m block starts [68]; however, a previous
identical study found weak correlations (r = 0.24 to 0.33) in an elite group of male sprinters [104].
Due to this variation, Maulder et al. (2006) [104] suggested that horizontal jump measures might be
more effective for predicting sprint performance in athletes participating in sports requiring a
variety of sprint running expressions but may not be valid for competitive level sprinters. They also
considered that multiple jump measures, such as force and power, might better represent the
dynamics of sprint running compared to jump distance alone. Nevertheless, given the relationship
between jump distance and sprint performance, it can be hypothesised that the strength qualities

required for achieving greater hop distances may also confer benefits to sprinting ability.
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In addition to those investigating the relationship between TH tests and sprint performance, a 5-
step jump test was reported to have very large negative correlations (r = -0.81) to 40 m sprint time
[121] in a cohort of male sub-elite sports athletes. In the sprint training literature [161, 162] the QH
test has been used extensively to determine readiness for competition and, therefore, is also worthy
of further investigation to determine the relationship between TH and sprint performance, and
additionally whether the QH test is a stronger predictor of sprint performance. Moreover, as
Maulder et al. (2006) [104] suggested, it would be useful for a deterministic purpose, i.e., to quantify

this relationship, to use kinetic measures (force or power) rather than just distance hopped.

Reactive strength, the ability to efficiently couple eccentric—concentric contractions [the stretch—
shorten cycle (SSC)], is a metric that has garnered considerable attention. It is thought to be a
fundamental determinant of many athletic qualities [82] and has shown to be highly correlated with
vertical leg-spring stiffness [86]. This strength quality is typically represented as RSI, measured by
the ratio between jump height and contact time in a drop jump [59] or by the ratio between jump
height and time to take off (RSImod) in the CMJ [53], or the ratio of flight time to ground contact time
[34], and it is sometimes referred to as the reactive strength ratio [73, 97]. Given the principle of
specificity, it may make sense to calculate the RSI parallel to the principal line of movement when
explicitly calculating RSInor for sprinting performance. Davey et al. (2021) [44] examined whether
such a measure (the ratio between flight and contact time) was reliable using a TH test. The
between-session CVs were less than 5.5%, and the ICCs were greater than 0.70 across hops. Sarabon
et al. (2023) [138] however, quantified the reliability of the TH flight time, hop distance, and contact
time, and reported only moderate reliability (ICC = 0.67 - 0.74). Assuming that this reliability is
acceptable, it is important to determine whether RSlhor @as @ metric has a high association with
performance, thereby establishing its value as a tool for athletic monitoring and exercise

prescription. A recent study [44] has investigated the utility of RSlhor from a TH test, finding variable
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correlations with 505 test performance (r = -0.76 to 0.23) and 10 m sprint performance (r = -0.50
to 0.43) in male volleyball players. RSlhor measures calculated from flight and ground contact times
of unilateral multiple hopping tasks have also been shown to have a negligible to moderate
relationship with sprint performances, ranging from 10 m to 100 m (r = 0.00 to -0.38) [139]. This
was the first study to investigate RSlhor further than the TH test, and it noted that RSI continued to
increase until the fifth hop, suggesting that a QH test should be enough multiple hops in series to
understand an athlete’s capability. However, further research is required to better understand the
relationship between RSlhor and athletic performance, particularly in athletes accustomed to

horizontal-focused movements over longer sprint distances.

Interestingly, both TH and QH assessments have been used for assessing elite sprinter’s training
readiness for competition, and to provide key insights into “an athlete’s ability to express repeated
peaks of strength in exercise with faster and faster movements” [161, 162]. According to Vittori
[162], sprinters with good strength expression should hop seventy percent further for a QH than a
TH. Whether this is the case has not been documented, and it may be that other measures, such as

the RSlhor, provide better insight as to that which differentiates sprint performance.

The TH is a movement that is implemented a great deal by practitioners interested in the
neuromuscular function of athletes during rehabilitation and sports performance. The QH is less
well researched, possibly due to the higher neuromuscular demands associated with the latter hops.
The authors have noted increases of ~56% in maximal vertical force, ~¥236% in vertical braking
impulse, and ~1147% in horizontal braking impulse across steps. Given the higher neuromuscular
demands, the QH may be a better differentiator of sprint ability as compared to the TH test. Based
on this and the preceding information, the aims of this study were threefold: (1) to examine the

relationship between TH and QH distance with sprint performance and determine whether hop
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kinetic variables provide stronger relationships to sprinting ability than the kinematic/hop distances;
(2) to explore the relationship between two methods of determining TH and QH RSlnor and sprint
performance; and (3) to investigate whether the QH/TH ratio or RSlhor Or other kinetic measures
could differentiate between sprinters of different ability. It was hypothesised that (1) the
correlations between TH and QH distances/sprint performances would be strong and that kinetic
variables would provide stronger correlations to sprinting ability; (2) both methods (flight and
distance) for determining RSlnhor would be similarly correlated with sprint performance; and (3) the
faster sprinters would have a greater percentage difference between their TH and QH ratios. The
findings will provide practitioners with valuable insights into the potential utility of multiple hop

tests for assessing, rehabilitation and enhancing athletic performance.

7.2 Methodology

7.2.1 Participants

Forty-four male sportsmen (age 20.1 + 1.4 years; body mass 71.2 + 8.6 kg; stature 171.9 + 5.1 cm)
from across various university sports (kendo, baseball, rowing, track athletics, field athletics,
windsurfing, cycling, soccer, and basketball) volunteered to participate. All participants were
required to be healthy and injury-free at the time of testing. Potential participants were excluded if
they had any significant historical injuries (e.g., previous ruptures or tears to major tendons or
ligaments [Achilles, ACL]), regardless of the post-injury training time. The study procedures followed
the Declaration of Helsinki, and ethical approval was granted by the Auckland University of
Technology Review Board (reference: 17/133) (Appendix I) and the National Institute of Fitness and
Sports in Kanoya Review Board (reference: 8-123) (Appendix Il). Informed consent was obtained
before inclusion in the study (Appendices IV and V). Body mass was measured to the nearest 0.1 kg,

and stature was measured according to the methodology set out by the International Society for
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the Advancement of Kinanthropometry [123] on a digital scale and stadiometer (Tanita DC-217A,

Tokyo, Japan).

7.2.2 Procedures

Each participant attended a familiarisation session a minimum of three days prior to the first testing
session, which included a standardised warm-up protocol that was repeated before the testing
session. The warm-up included dynamic limb flexibility exercises (upper and lower), general
movement to raise body temperature, explosive bounding movements to mimic test demands, and
gradually intense sprinting over 30 m. The testing process started five minutes after the warm-up

was completed.

The TH test protocol involved three hops on the same leg (Figure 13), while the QH test involved
five hops on the same leg. Because of the very high stretch-load demands placed on the body by
this test, three trials for TH and two trials for QH were completed in a randomised order for DOM
and NDOM limbs, minimising the risk of injury, reducing acute overuse, and reducing fatigue effects.
There was a two-minute rest period between the efforts before hopping on the other leg. Each hop
began with the subject balancing on their hopping leg before propelling themselves forward for the
number of contacts specified in the test. For all tests, the subjects landed on two feet after the final
hop; contact with the ground with their hands after landing was permitted if the hopping foot did
not move further forward during landing. This was performed to encourage each subject to achieve
maximal horizontal displacement. Upper-limb motion was permitted during the hops, which
replicated the motor patterns associated with athletic movements. Each subject was instructed to

“reach the furthest horizontal distance in the shortest possible time”.
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Right foot
total distance

Start Step 1 Step 2

Figure 13. The sequence of a right foot TH test (green)

The sprint testing (Appendix VIII) and hop trials were conducted on an indoor synthetic track surface
(Hasegawa Sports Facilities, Tokyo, Japan) that covered 54x inground force platforms in series (TF-
90100, Tec Gihan, Kyoto, Japan), and were linked to a single computer that collected GRFs at a
sampling rate of 1000 Hz. Force plate data were captured for each trial, exported, tagged, and stored
for later analysis. The GRF signals collected during the hop trials were filtered using a 4th-order
Butterworth low-pass digital filter with a 50 Hz cutoff frequency, and horizontal and vertical hop
propulsive and braking kinetics were determined, with associated impulses calculated via the
integration of force for each of the required periods. All variables were computed using a custom

algorithm (MATLAB R2021a, Mathworks Inc., Natick, MA, USA).

7.2.3 Data Processing and Outcome Measures

Touch-down and take-off detection were identified in the filtered data by a 20 N vertical GRF
threshold. Horizontal CoM velocity (V4 as a function of time) was calculated from the initial
movement to the end of the trial using the methods outlined by Colyer, Nagahara, and Salo [37].
Per this method, the impulse-momentum relationship was used to determine instantaneous Vu

throughout the entire sprint from the IMPap and using estimated aerodynamic drag [136]. Sprint
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times (5 m to 45 m) were derived from the integral of the V4 data. Hop ratios were determined by
dividing the mean QH distance by the mean TH distance. RSI was determined using the methods
outlined by Sarabon et al. [138] for each step and also as an average (Total RSlhor) for each hop trial
using two methods; firstly, RSlhor-nist Was calculated by dividing the hop distance by the previous
ground contact time, and secondly, RSlhor-rr Was calculated by dividing the hop flight time by the
previous ground contact time. Total RSlhor was determined by dividing total hop distance or total

flight time by the sum of all ground contacts.

7.2.4 Statistical Analysis

Statistical analyses were performed with Jeffrey’s Amazing Statistics Program (JASP) software
(version 0.18.3; Amsterdam, The Netherlands). Using descriptive statistics (means and standard
deviations), centrality and spread were calculated and presented in the tables. Assumptions of
univariate normality, outliers, and sphericity were assessed. Outlier analysis was conducted using
boxplots, and values larger than three standard deviations were manually omitted from any further
analysis. The Shapiro—Wilk test [145] was used to evaluate normality, and Q-Q plots were used to
visually assess kurtosis and skewness. Of interest was whether the kinematic and kinetic variables
could distinguish between sprinters of different ability. A paired sample t-test was conducted to
assess whether there were significant differences between the DOM and NDOM limbs, no
statistically significant differences between the two limbs were detected, prompting the pooling of
the data for subsequent analysis. The sportsmen were divided into two groups (fast and slow),
consisting of the top fifteen and bottom fifteen performers for 10 m and 40 m sprint times, which
were used as proxies for accelerative and top speed capability. Independent t-tests were conducted
to identify any significant differences (p < 0.05) in kinetics, hop ratios, and RSlhor between these
groups. A Levene’s test was used to test the assumption that variances are equal across both groups.

To explore the relationship between hop distance, RSlhor, and sprint performance, a series of
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Pearson’s correlations were conducted, with the significance set at p < 0.05 and interpreted as weak

(0.1-0.3), moderate (0.4-0.6), or strong (0.7-0.9) [2].

7.3 Results

The inter-relationship between speed measures and total hop distances is presented in Table 15. A
near-perfect correlation was observed between the TH and QH distances. As the distance increased
from 10 m to 40 m, the strength of the correlations between the sprint times and both the TH and
QH distances also increased, with very high negative and statistically significant (p < 0.05)
correlations ranging from r = -0.700 to —0.796. The differences in the TH and QH correlations were

negligible, ranging from 0.006 to 0.011.

Table 15. Inter-relationships between speed measures and TH and QH distance

10 m 20m 40 m
Pearson’s r -0.705 -0.760 -0.795
TH distance
p-value <0.001 <0.001 <0.001
Pearson’s r -0.700 -0.759 -0.796
QH distance
p-value <0.001 <0.001 <0.001

The means and standard deviations for the kinetic variables for TH and QH are provided in Table 16.
In terms of the relationship between TH and QH kinetic measures and sprint times (10 m and 40 m)
the following was observed: the relationships between the kinetic measures and 10 m and 40 m
sprint times were weak to moderate (r < -0.554). Among the kinetic measures, relative maximal
vertical force exhibited the strongest correlation, particularly across the TH and QH sequences (r =
-0.554 to -0.350). Relative net vertical impulse was found to have a weak relationship across steps
with sprint times (r = —0.360 to -0.270), as too was the relative vertical braking impulse across (r =
-0.339 to 0.066). Moderate to negligible correlations were found between relative vertical
propulsive impulse with sprint times (r = -0.404 to 0.059), with the strongest relationships observed
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in the initial steps, particularly for shorter sprint distances. Moderate to weak correlations were
observed between net relative horizontal impulse and sprint times (r = -0.449 to 0.147), with
stronger relationships observed in the first step across all sprint distances. A weak relationship was
seen between relative horizontal braking impulse and sprint times (r = -0.224 to 0.259). Moderate
to negligible correlations were seen between relative horizontal propulsive impulse and sprint times
(r =-0.477 to 0.033), with stronger associations in the initial steps and weaker correlations in the

final step.

The means and standard deviations for all RSI variables are presented in Table 17. RSlhor-pist (r =
-0.453 to -0.707) was found to have stronger relationships with sprint performance than RSlhor-fr (r
= -0.270 to -0.668) across all steps and particularly over the initial 5-10 m shorter distances and
between fast and slow groups (Table 17). The strength of association of Total RSlnor increased with

sprinting distance (0.490 to 0.707; p < 0.001) for both TH and QH (Figure 14).
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Table 16. Descriptive statistics and Pearson (r) correlations and p-values between kinetic variables (TH, QH) and sprint
times (10 m and 40 m)

TH QH
10m 40m 10m 40m

Kinetic Variable Mean + SD r P r p Mean + SD r P r p

Maximal Vertical Force 1 32.5+4.63 -0.366 0.016 -0.451 0.002 32.1+4.22 -0.279 0.070 -0.350 0.021
Maximal Vertical Force 2 42.0+7.60 -0.416 0.005 -0.501 <0.001 39.7+7.15 -0.484 0.001 -0.553 <0.001
Maximal Vertical Force 3 45.1+8.76 -0.336 0.026 -0.467 0.001
Maximal Vertical Force 4 50.7+10.5 -0.452 0.002 -0.554 <0.001
Net Vertical Impulse 1 5.67+0.439 -0.296 0.051 -0.310 0.040 5.48+0.442 -0.286 0.060 -0.307 0.043
Net Vertical Impulse 2 5.87+0.338 -0.337 0.029 -0.335 0.030 5.48+0.415 -0.319 0.037 -0.358 0.018
Net Vertical Impulse 3 5.60+0.397 -0.270 0.080 -0.338 0.027
Net Vertical Impulse 4 5.88+0.343 -0.311 0.048 -0.360 0.021
Vertical Braking Impulse 1 1.33+0.626 -0.043 0.785 -0.054 0.736 1.04+0.579 0.066 0.672 0.026 0.019
Vertical Braking Impulse 2 2.58+0.461 -0.110 0.477 -0.155 0.314 2.02+0.372 -0.148 0.337 -0.190 0.218
Vertical Braking Impulse 3 2.80+0.373 -0.023 0.884 -0.136 0.389
Vertical Braking Impulse 4 3.55+0.580 -0.267 0.080 -0.339 0.024
Vertical Propulsive Impulse 1 436+0.431 -0.250 0.101 -0.237 0.122 4.46+0.396 -0.404 0.007 -0.368 0.015
Vertical Propulsive Impulse 2 3.32+0.481 -0.209 0.173 -0.179 0.246 3.51+0.293 -0.242 0.128 -0.283 0.073
Vertical Propulsive Impulse 3 2.85+0.243 -0.330 0.029 -0.262 0.085
Vertical Propulsive Impulse 4 2.42+£0.509 0.037 0.810 0.059 0.703
Net Horizontal Impulse 1 0.700 £0.157 -0.306 0.046 -0.354 0.020 0.780+0.154 -0.436 0.003 -0.449 0.002
Net Horizontal Impulse 2 0.305+0.148 -0.148 0.337 -0.162 0.292 0.461+0.091 -0.171 0.280 -0.200 0.205
Net Horizontal Impulse 3 0.196 £0.094 -0.234 0.135 -0.185 0.242
Net Horizontal Impulse 4 -0.050+0.186 0.141 0.366 0.147 0.346
Horizontal Braking Impulse 1 -0.048 £0.023 -0.164 0.306 -0.224 0.160 -0.033+0.017 -0.179 0.263 -0.178 0.266
Horizontal Braking Impulse 2 -0.191+£0.048 -0.095 0.541 -0.142 0.356 -0.113+0.035 -0.026 0.869 0.017 0.912
Horizontal Braking Impulse 3 -0.257 £0.044 0.118 0.470 0.165 0.308
Horizontal Braking Impulse 4 -0.400+0.094 0.211 0.180 0.259 0.098

Horizontal Propulsive Impulse 1 0.756 + 0.135 -0.332 0.028 -0.354 0.018 0.820+0.138 -0.477 0.001 -0.477 0.001
Horizontal Propulsive Impulse 2 0.500+0.109 -0.177 0.250 -0.191 0.214 0.583+0.074 -0.281 0.068 -0.337 0.027
Horizontal Propulsive Impulse 3 0.445+0.069 -0.368 0.014 -0.324 0.032
Horizontal Propulsive Impulse 4 0.350+0.105 0.033 0.834 0.032 0.836

Key: SD = standard deviation; force variables = N.kg; impulse variables = Ns.kg
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Table 17. Descriptive statistics of TH and QH RSI and Pearson (r) correlations and p-values with sprint performance

Mean + SD Range 5m 10 m 20m 40 m
TH r p r p r p r p
Step 1-2 RSlhor-pist 7.26£1.39 4941t010.51 -0.468 0.001 -0.535 <0.001 -0.595 <0.001 -0.641 <0.001
Step 1-2 RSlhor-fr 1.18£0.25 0.68t01.82 -0.350 0.020 -0.438 0.003 -0.496 <0.001 -0.549 <0.001

Step 2-3 RSlhor-pist 10.71+2.18 7.12t015.72 -0.477 0.001 -0.555 <0.001 -0.626 <0.001 -0.680 <0.001

Step 2-3 RSlhor-fr 1.71+0.34 1.09to2.46 -0.434 0.003 -0.518 <0.001 -0.590 <0.001 -0.647 <0.001
Total RSlhor-pist 11.99+2.21 8.48t016.78 -0.490 <0.001 -0.567 <0.001 -0.634 <0.001 -0.685 <0.001
Total RSlhor-fr 1.44+£0.28 0.88t02.12 -0.391 0.009 -0.482 <0.001 -0.544 <0.001 -0.562 <0.001
QH

Step 1-2 RSlhor-pist 7.30+£1.23 4.74t010.19 -0.467 0.001 -0.547 <0.001 -0.609 <0.001 -0.653 <0.001
Step 1-2 RSlhor-fr 1.17+0.23 0.72t01.82 -0.270 0.076 -0.357 0.017 -0.408 0.006 -0.455 0.002
Step 2-3 RSlhor-pist 9.12+1.69 5.90to012.93 -0.453 0.002 -0.548 <0.001 -0.619 <0.001 -0.671 <0.001
Step 2-3 RSlhor-fr 1.36+0.27 0.80to2.07 -0.319 0.035 -0.413 0.005 -0.480 <0.001 -0.539 <0.001
Step 3—4 RSlhor-pist 9.93+2.03 6.28t0 14.0 -0.461 0.002 -0.532 <0.001 -0.597 <0.001 -0.643 <0.001
Step 3—4 RSlhor-fr 146+0.31 0.83t02.30 -0.315 0.037 -0.403 0.007 -0.475 0.001 -0.542 <0.001

Step 4-5 RSlhor-pist 12.18 £2.82 7.74t018.4 -0.507 <0.001 -0.583 <0.001 -0.639 <0.001 -0.674 <0.001

Step 4-5 RSlhor-r 1.89+0.43 1.04t02.78 -0.467 0.001 -0.553 <0.001 -0.615 <0.001 -0.661 <0.001
Total RSlhor-pist 11.17 £2.02 7.33t015.6 -0.506 <0.001 -0.591 <0.001 -0.655 <0.001 -0.700 <0.001
Total RSlhor-fr 1.45+0.28 0.84to2.15 -0.391 <0.001 -0.482 <0.001 -0.544 <0.001 -0.597 <0.001

Key: SD = standard deviation; RSI = reactive strength index (m-s-1); nor-nist = horizontal distance/ground contact time; hor.fr =
horizontal flight time/ground contact time
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The means and standard deviations for the 10 m and 40 m fast and slow groups and their differences
are shown in Tables 18 and 19. In terms of the 10 m times, faster sprinters were found to produce
significantly greater maximal vertical force across all hops (8.55 to 25.6% A) for both the TH and QH
testing (ES = 0.784 - 1.306), significantly greater vertical propulsive impulse (8.41% A) on the first
hop of QH testing, significantly greater net horizontal impulse on the first hop (20.3% A) of the QH,
and significantly greater horizontal propulsive impulse across the first three hops (10.1 to 17.8% A)
in the QH (ES = 0.818 - 1.159). With regards to the 40 m times, faster sprinters were found to
produce significantly greater maximal vertical force across all hops (9.84 to 30.3% A) for both the
TH and QH testing (ES = 0.909 - 1.644), significantly greater net horizontal impulse on the first hop
(19.7% A) in the QH, and significantly greater horizontal propulsive impulse in the first hop (12.9 to
17.4% A) in the TH and QH.

Table 18. Descriptive statistics for TH variables and t-test for independent samples with p-values and ES for slow and
fast sprint groups (10 m and 40 m)

10 m 40m
Slow Fast Slow Fast
Kinetic Variable Mean + SD Mean + SD p d Mean + SD Mean + SD p d
Maximal Vertical Force 1 30.2+3.80 33.5+3.47 0.024 0.892 30.1+3.83 343+3.61 0.006 1.120
Maximal Vertical Force 2 37.9+6.05 448+7.04 0.008 1.046 38.2+5.98 46.2+6.86 0.002 1.240
Net Vertical Impulse 1 5.57+0.447 5.76+0.447 0.245 0.433 5.51+0.424 5.72+0.442 0.188 0.493
Net Vertical Impulse 2 5.78+0.416 5.98+0.337 0.166 0.529 5.74+0.379 5.96+0.334 0.102 0.629
Vertical Braking Impulse 1 1.22+0.642 1.31+0.480 0.651 0.170 1.21 £ 0.665 1.26+0.475 0.803 0.096
Vertical Braking Impulse 2 244 +0.441 2.52+0.446 0.663 0.161 2.49 +£0.510 2.53+0.461 0.803 0.092
Vertical Propulsive Impulse 1 432+0.480 4.44+0.405 0.460 0.274 4.35+0.523 4.45+0.405 0.550 0.221
Vertical Propulsive Impulse 2 3.29+0.303 3.51+0.524 0.185 0.496 3.21+0.402 3.44+0.585 0.222 0.456
Net Horizontal Impulse 1 0.655+0.144 0.751+0.143 0.080 0.664 0.669+0.159 0.777+0.134 0.055 0.731
Net Horizontal Impulse 2 0.299+0.102 0.367+0.166 0.182 0.500 0.289+0.121 0.356+0.173 0.223 0.455
Horizontal Braking Impulse 1 0.054 +0.027 -0.047 +£0.017 0.420 0.304 -0.052+0.029 -0.043+0.019 0.343 0.359
Horizontal Braking Impulse 2 -0.193 £0.038 -0.180 £ 0.052 0.416 0.301 -0.193+0.037 -0.177+0.053 0.362 0.339
Horizontal Propulsive Impulse 1 0.725+0.119 0.808 +0.123 0.070 0.689 0.735+0.129 0.830+0.107 0.037 0.800
Horizontal Propulsive Impulse 2 0.492 +0.078 0.551+0.123 0.130 0.570 0.482+0.093 0.545+0.120 0.119 0.587

Key: SD = standard deviation; force variables = N.kg; impulse variables = Ns.kg; d = Cohen’s d for effect size
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Table 19. Descriptive statistics for QH kinetic variables and t-test for independent samples with p-values and ES for slow
and fast sprint groups (10 m and 40 m)

10 m 40m
Slow Fast Slow Fast

Kinetic Variable Mean + SD Mean + SD P d Mean + SD Mean + SD P d

Maximal Vertical Force 1 30.4+2.94 33.0+3.59 0.044 0.784 30.5+2.87 33.5+3.74 0.021 0.909
Maximal Vertical Force 2 359+6.13 43.4+6.24 0.002 1.214 35.9+6.10 45.1+6.00 <0.001 1.514
Maximal Vertical Force 3 40.7 +7.02 47.0+7.52 0.025 0.864 40.9+6.89 50.0+7.88 0.002 1.236
Maximal Vertical Force 4 44.0+6.95 55.4+10.2 0.001 1.306 445 +6.76 58.0+9.45 <0.001 1.644
Net Vertical Impulse 1 5.39+0.444 5.56+0.477 0.303 0.383 5.31+0.406 5.55+0.457 0.131 0.568
Net Vertical Impulse 2 5.42+0.494 5.59+0.368 0.298 0.387 5.35+0.468 5.62+0.374 0.091 0.640
Net Vertical Impulse 3 5.55+0.448 5.71+0.373 0.299 0.383 5.49 £ 0.450 5.73+0.380 0.121 0.585
Net Vertical Impulse 4 5.79+0.390 5.97+0.352 0.192 0.497 5.75+0.368 5.94+0.333 0.158 0.550
Vertical Braking Impulse 1 1.14+0.604 0.945+0.542 0.367 -0.303 1.04+0.663 0.985+0.504 0.794 -0.098
Vertical Braking Impulse 2 2.02+0.474 2.00%+0.273 0.914 -0.040 1.97+0.484 2.07+0.308 0.539 0.227
Vertical Braking Impulse 3 2.81+0.339 2.77+0.392 0.786 -0.102 2.76+0.370 2.82+0.372 0.649 0.171
Vertical Braking Impulse 4 3.27+0.604 3.47+0.405 0.278 0.404 3.32 £ 0.655 3.56 £0.553 0.303 0.383
Vertical Propulsive Impulse 1 428+0.424 4.64+0.360 0.021 0.909 4.30+0.439 4.49+0.342 0.055 0.747
Vertical Propulsive Impulse 2 3.43+0.271 3.60+0.325 0.134 0.564 3.40+£0.238 3.57+0.321 0.120 0.585
Vertical Propulsive Impulse 3 2.80+0.279 2.97+0.242 0.088 0.645 2.78 £0.265 2.92+0.229 0.117 0.590
Vertical Propulsive Impulse 4 2.57+0.517 2.56+0.390 0.991 -0.004 2.47+0.580 2.50+0.474 0.916 0.039
Net Horizontal Impulse 1 0.701+0.132 0.843+0.127 0.006 1.096 0.721+0.155 0.863+0.121 0.009 1.020
Net Horizontal Impulse 2 0.431+0.082 0.483+0.095 0.129 0.594 0.446+0.010 0.473+0.098 0.476 0.274
Net Horizontal Impulse 3 0.168 +£0.085 0.219+0.098 0.143 0.561 0.186+0.101 0.217+0.076 0.357 0.348
Net Horizontal Impulse 4 0.039+0.130 -0.005+0.162 0.422 -0.303 0.010+0.182 -0.019+0.175 0.661 -0.165
Horizontal Braking Impulse 1 -0.036 £ 0.013 -0.031 £0.015 0.296 0.404 -0.034+0.014 -0.029+0.015 0.385 0.334
Horizontal Braking Impulse 2 -0.123 £0.033 -0.109 £ 0.035 0.295 0.390 -0.116+0.037 -0.113+0.037 0.846 0.072
Horizontal Braking Impulse 3 -0.256 £ 0.052 -0.269 £ 0.029 0.424 -0.307 -0.253+0.052 -0.261+0.031 0.643 -0.180
Horizontal Braking Impulse 4 -0.351+£0.082 -0.386 £ 0.076 0.249 -0.438 -0.349+0.085 -0.393+0.085 0.174 -0.529
Horizontal Propulsive Impulse 1 0.746 £ 0.114 0.879+0.116 0.004 1.159 0.764+0.1355 0.897 £+0.105 0.006 1.094
Horizontal Propulsive Impulse 2 0.555+0.065 0.611+0.074 0.036 0.818 0.563+0.075 0.606+0.074 0.130 0.580
Horizontal Propulsive Impulse 3 0.422 + 0.057 0.480+0.076 0.025 0.864 0.428+0.061 0.470+0.072 0.097 0.627
Horizontal Propulsive Impulse 4  0.370+0.103 0.377+0.103 0.847 0.071 0.359+0.112 0.368+0.110 0.832 0.078

Key: SD = standard deviation; force variables = N.kg; impulse variables = Ns.kg; d = Cohen’s d for ES

Hop ratios did not distinguish (p < 0.05) between fast and slow groups for sprinting (Table 20). The
fast group QH distance was approximately 72.5% greater than the TH distance for both the 10 m
and 40 m, whereas the slower group differences were 71% across both sprint distances. However,

the TH and QH RSlhor measures were found to be significantly different between the fast and slow
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sprinters. The differences between the TH and QH RSlhor values of the fastest and slowest groups

was ~14.5 to 22.5% (p < 0.001) for both the 10 m and 40 m distances.

Table 20. The sprint times and hop ratios for groups, separated by 10 m and 40 m times

Sprint Time (s) Hop Ratio p TH RSlhor-pist p QH RSlhor-pist P
10 m Sprint
Group 1 (fast) 1.60 1.73+£0.034 - 13.1+£2.10 - 11.8+1.08 -
Group 2 (slow) 1.78 1.71+£0.044 0.222 10.5+1.52 <0.001 10.1+£1.01 <0.001
40 m Sprint
Group 1 (fast) 5.10 1.72 £0.036 - 13.8+2.20 - 12.8+1.92 -
Group 2 (slow) 5.71 1.71+£0.046 0.434 10.7 £1.55 <0.001 9.9+1.59 <0.001

7.4 Discussion

The TH and to a lesser extent the QH are movements that provide physiotherapists, as well as
strength and conditioning coaches and technical coaches, with valuable insights into neuromuscular
function. Improving understanding around the utility of these jumps and their associated measures
provided an overarching focus for this research. Specifically, the aims of this study were threefold:
(1) to examine the relationship between TH and QH distance and sprint performance, and to
determine whether hop kinetic variables provide stronger relationships to sprinting ability than
kinematic/hop distances; (2) to explore the relationship between two methods of determining TH
and QH RSlhor and sprint performance; (3) to investigate whether the QH/TH ratio or RSlhor and other
kinetic measures could differentiate between sprinters of different ability. The main findings were
as follows: (1) TH and QH distances were strongly correlated with 10 m, 20 m, and 40 m sprint times
(r =0.70 to 0.80), while the relationship between the kinetic measures and sprint times was weak
to moderate (r < -0.55); (2) the strength of the association between RSlhor and sprint performance
increased with sprint distance (r=0.49 to 0.71; p < 0.001), and RSlhor calculated from jump distance

was a stronger predictor of sprint performance than calculation from flight time; (3) hop ratios did
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not differentiate between fast and slow sprinters, whereas RSlhor was able to; (4) there were
significant differences in some kinetic measures of TH and QH tests that differentiated fast and slow
sprinters; and (5) given the small differences between the TH and QH results, there would seem

little value in including both hops in the assessment of sprint-related performance.

The TH and QH distances were strongly correlated with 10 m, 20 m, and 40 m sprint times (r = 0.70
to 0.80), with the strength of association increasing with sprint distance. The results of this study
were consistent with the previously reported relationships between multiple hop distances and
sprint performance, both for recreational (r = 0.68 to 0.86) athletes [33, 103] and sub-elite (r = 0.84
to 0.89) sprinters [68], and likely due the apparent diverse skill and sprint competency level of the

cohort in this study.

Maulder et al. (2006) [104] proposed that predictions of sprint performance using horizontal jump
measures might be more effective for athletes involved in sports requiring a wide range of sprinting
expressions, but less applicable for competitive-level sprinters. They also suggested that more
sensitive measures, such as force and power, might provide a better reflection of what occurs during
sprint running compared to jumping distance alone. Our findings in this cohort of sportsmen
suggests that while kinetic variables can explain some of the variance associated with sprinting, they
were not strong predictors of sprint performance in this cohort. The general relationships between
the hop GRFs and sprint performance were weak to moderate (r < —0.55). The maximal vertical
forces seen in both TH and QH tests were shown to have the strongest relationship with sprint
performance, and the strength of this relationship increased with sprinting distance over 5 m to 45
m. This finding is consistent with previously reported characteristics of elite sprint performance,
whereby maximal velocity mechanics are constrained by the athlete’s capacity to generate sufficient

vertical impulse during ground contact [167]. This vertical impulse is critical for achieving adequate

146



aerial time, thereby facilitating effective repositioning of the swing limb in preparation for the

subsequent step [166].

Of interest was the relationship between the two methods of calculating TH and QH RSlhor and their
relationship to sprint performance. The strength of the association between RSlhor and sprint
performance increased with sprint distance (r = 0.49 to 0.71; p < 0.001), with RSlhor calculated from
jump distance showing a stronger correlation with sprint performance than when calculated from
flight time (see Figure 14). Sarabon et al. (2023) [138] investigated the utility of RSlnor-oist during TH
assessments, finding small to moderate negative correlations with 505 change-of-direction test
performance (r=-0.15 to -0.45) and 10 m sprint performance (r = -0.03 to —-0.16) in male volleyball
players. They reported RSlhor-pist Values ranging from 5.24 to 7.57 m-s™%, whereas in this study, TH
assessments yielded values between 7.26 and 10.71 m-s™%, with stronger correlations with sprint
performance (r=-0.49 to -0.69). This stronger relationship may be attributed to the higher reactive
strength capacity of the subjects in this study. The mean hop distance in our sample was 6.43 m (x
0.67), compared to 5.91 m (+ 0.51) in the Sarabon et al. [138] study, with our participants also

demonstrating shorter ground contact times, which also amplifies the resulting RSI.

Another focus of the research was to determine whether the QH/TH ratio or RSlhor could
differentiate between sprinters of differing ability. According to Vittori, sprinters with a capacity to
express strength whilst sprinting should be able to hop approximately 70% further in a QH compared
to a TH. However, our findings indicated that the hop ratio could not (p < 0.05) differentiate between
fast and slow sprinters, as both group QH to TH differences were 71 to 72.5% (p > 0.05). While it
might seem intuitive that athletes capable of achieving higher stretch-loads in a QH would also
demonstrate faster sprinting speeds, our study, conducted with a heterogeneous sample, did not

provide any evidence to support this hypothesis. Rather, it seems that RSlhor is a better variable to

147



differentiate sprinting ability, and, therefore, most likely a better variable to measure and monitor.
It also appears that RSlhor values from the TH assessments were just as strongly correlated with
sprint distance as those from the QH test, suggesting that the additional injury risk associated with
the QH may not be justified in a training-assessment context. Nevertheless, in a training
environment, the QH might still be valuable for eliciting the higher stretch—load stimuli for those

athletes ready for such incremental loading.

7.5 Conclusions and Practical Applications

Multiple hops offer an easy, valid, and reliable method for assessing neuromuscular function and
are commonly used by physiotherapists, strength and conditioning coaches, and technical coaches.
The utility and interpretation of these tests is usually based on the distance jumped. The focus of
this article was to determine if other kinematic and kinetic measures could enhance the diagnostic
value of TH and QH assessments, within a sports performance/sprint context. With this in mind, the

findings were as follows.

Both TH and QH distances were strongly correlated with 10 m, 20 m, and 40 m sprint times, which
have applications for assessment and training. For example, changes in the distance jumped should
correspond to quicker sprint times (especially for longer distance sprints), which could be monitored
between official timing light or radar assessments. In terms of training, using multiple hops as a

training option to improve sprint times is certainly supported by the results of this study.

RSlhor calculated from jump distance was a stronger predictor of sprint performance than calculation
from flight time, and it is recommended as the variable of choice for measuring horizontal reactivity.

This can be performed with force plates, or by using more readily available smartphone Al-based
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digitizing applications, such as Vuemotion (Sydney, Australia); however, using flight time in the
calculation can offer a more practical approach for field assessments for those without expensive
analysis tools, as simple smartphone video technology has been shown to be both valid and reliable

for this purpose [149, 150].

Most of the movement strategy kinetic variables did not correlate strongly to the outcome variables
(jump distance/sprint times) in this cohort. Of the kinetic measures investigated, maximal vertical
force and horizontal propulsive impulse were found to be correlated best with the 10 m and 40 m
times, and, as such, are potentially the best variables to measure, monitor, and train athletes if force

plate technology is available.

It would seem that the hop ratio between the TH and QH cannot differentiate sprint ability in
sportsmen; however, RSlnor can, and, therefore, this measure could be used to measure and monitor

athletes, or for talent identification purposes.

Given the high collinearity between the TH and QH tests, it would seem prudent to measure and
monitor only one of the hops. The stretch-loads associated with the QH exceed that of the TH, and,
therefore, decisions on the hop used in an assessment battery may be made around the unilateral

strength—power qualities and athleticism of the athletes who are involved.

One limitation of this study was the homogeneity of the sample. While it encompassed a diverse
range of participants from various sports requiring both skill and a variety of strength qualities, the
sample was limited to university-aged male participants. Future researchers should aim to include
a more diverse range of ages and should include female athletes to enhance the generalisability of

the findings. Secondly, a more in-depth analysis of the kinetic data, particularly focusing on the
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power and work involved in completing both the TH and QH tasks, could provide deeper insights

into the storage and utilisation of the elastic energy capacity of athletes across hops.
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CHAPTER 8: MASTERCLASS: ARE YOU GETTING THE MOST
OUT OF YOUR TRIPLE HOP TESTING?

This chapter comprises the following paper published in Physical Therapy in Sport.

Reference:

Sharp, A.P., Neville, J., & Cronin, J.B. (2025). Masterclass: Are You Getting the Most Out of Your

Triple Hop Testing? Physical Therapy in Sport.

8.0 Prelude

At this point in the thesis, it was believed that each chapter contained interesting and new
information that needed to be organised and integrated into educational resources tailored for
practitioners. Chapter 8 summarises the thesis findings and places them in a context aimed at
improving physiotherapy practice by deepening understanding of the insights that multiple hop
testing can offer and providing information on the implementation of available technology to

achieve these goals.

8.1 Introduction

A structured and systematic rehabilitation process is critical for facilitating a successful RTS
process following injury [41, 152]. Such a process should restore physical capabilities and foster
athlete confidence to resume pre-injury levels of competition. Moreover, for athletes in
environments with access to pre-injury musculoskeletal screening, this information should be

utilised to inform effective RTS strategies and to set the criteria for late-stage rehabilitation
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testing, with an aim of reaching pre-injury physical performance measures [39, 94]. To achieve
this, consideration for RTS protocols must incorporate a comprehensive assessment of factors,
including prior injury history, current functional capacity and future needs analysis, sport-specific
risk exposure, and psychosocial readiness [6, 8, 28]. Within the domain of lower limb injuries, RTS
frameworks have predominantly focused on rehabilitation following ACLR [13, 92], meniscal
injuries[43], and hamstring strains [100, 158]. This emphasis is attributable primarily to the high
incidence of these injuries and their significant impact on training continuity and return to

competitive participation [6], as well as the prevalence of re-injury [96].

Criteria-based RTS protocols and decision-making frameworks are designed to reduce risk for
individuals returning to pre-injury activities [67, 96], with the risk of re-injury being understood as
multifactorial; including time, sex, age, strength deficits, proprioceptive control, and
biomechanical changes [60]. These protocols typically incorporate objective assessments of
muscular strength, tests for neuromuscular control (e.g., single leg hop for distance, triple cross-
over hop, TH, 6 m timed hop) [67, 96], as well as subjective assessments through qualitative
guestionnaires to evaluate functional performance and limb symmetry [6, 65, 67, 92, 94].
Achieving a "pass" on RTS assessments has been associated with lower rates of knee injury [67,
96], specifically for secondary ACL injuries [67, 96, 130, 163, 173] and graft ruptures [57, 96].
However, it must be noted that, particularly in ACLR, these reduced rates of re-injury are
conflicting in the literature [99, 153, 173] and could also be associated with an elevated risk of ACL
injury to the contralateral limb [173]. Of the tests identified in the literature as suitable and
frequently used in physiotherapeutic practice for tracking progress and determining clearance for
higher-intensity activities such as sprinting and change of direction, the TH test has been shown to
be reliable when used with athletic populations [39]. This RTS test serves as the focus of this

article.
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TH distance is commonly used by clinicians as a key metric to assess lower limb function, with
inter-limb comparisons informing the magnitude of symmetry. This is often expressed as the LSI,
calculated by comparing the distance achieved by the injured limb relative to the uninjured limb
[65, 124]. Researchers however, have questioned the utility of LS| derived solely from hop distance
as an adequate indicator of readiness for RTS [64, 165]. Hop distance is the outcome variable and
is determined by several biomechanical factors all of which should be evaluated independently
where possible. Hop distance may obscure underlying biomechanical deficits, particularly in
propulsive and braking force asymmetries [93, 168]. For example, while hop distance LSI values
may fall within acceptable thresholds of <15% asymmetry for both re-injury risk and performance
[13, 20] (e.g., 97%), Kotsifaki et al. (2022) reported persistent asymmetries in joint contributions
during both propulsive (69% symmetry) and braking phases (87% symmetry) of movements in
individuals post-ACLR [93]. These findings underscore the importance of incorporating a more
comprehensive approach to evaluating jump/hop performance to avoid overlooking clinically

relevant compensations.

Hop distance measures alone seem insufficient as standalone criteria to inform RTS decisions
following lower limb injuries, and maybe other measures can yield more nuanced insights into
athlete RTS. This article aims to provide clinical practitioners with a more in-depth examination of
multiple hop testing, outlining its clinical utility, interpretive value, asymmetry, and practical
implementation for late-stage RTS. Additionally, the discussion will include recent technological
advancements that could be considered during testing that will enhance diagnostic capability

across diverse clinical settings and budgetary constraints.
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8.2 Biomechanics of Horizontal Multiple Hops in Series

8.2.1 Triple Hop

Horizontal multiple hops in series consist of a series of unilateral propulsive and braking efforts,
showcasing an athlete's capacity for repetitive efforts of single-leg reactive strength. A typical
force signal for a TH is shown in Figure 15 with typical force data and outcome measures in Tables
21 and 22. The forces have been delineated into vertical and horizontal forces. Note that the
vertical and horizontal forces have been divided further into braking (decelerative or eccentric)
and propulsive (accelerative or concentric) forces. The within-braking-phase peak forces are
usually classified as landing or impact peaks. Each hop involves a combination of vertical and
horizontal propulsive impulses (force x the time over which the force acts), determining take-off
velocity and subsequent hop distance. During landing phases, vertical and horizontal braking
impulses are generated as the athlete decelerates, stabilises, and repositions the body for the next
hop, all while attempting to preserve forward momentum within the limits of their neuromuscular
capacity (see Figure 15). This downward decelerative loading is accompanied by stretching or

lengthening of the musculotendinous structures and is known as a stretch-load.
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Figure 15. The propulsive and braking phases of a TH and associated vertical and horizontal forces

Vertical and horizontal stretch-loads increase with successive jumps due to increased forces (Table
21) over shorter ground contacts (Table 22). The braking phase or landing phase, where significant
force dissipation and eccentric rate of force development (RFD) are required, is usually where
injured athletes in late-stage RTS can show large functional deficits if not considered in
programming [29] and could result in greater risk of exposure to re-injury if not addressed [30].
Insufficient eccentric RFD and dynamic lower limb control, aside from limited exposure to
appropriate strength programming, could also result from impaired recruitment of high-threshold
motor units due to mechanoreceptor damage, especially after ACLR [28, 29]. Furthermore, the
knee extensor muscles are biomechanically disadvantaged because of reduced actin—-myosin
filament overlap during knee end-range extension, leading to a decreased contribution to maximal
knee joint torque [26, 32, 142]. As a result, the knee compensates by relying more heavily on
endo- and exo-sarcomeric connective tissues and other passive elastic elements, which might also
be in a state of recovery given a longer time course for adaptation post-injury. These increases in
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stretch-load between the first and second ground contacts of a TH, particularly in vertical (2x) and

horizontal (~4x) braking demands, can be seen in Figure 16 and Table 21.

Table 21. Example force data during a horizontal TH for vertical and horizontal braking and propulsion phases

Ground Contact 1

Ground Contact 2

Mean £ SD Mean £ SD
Max Vertical Force (N.kg) 32.5+4.6 42.0+7.60
Vertical Impulse (N.kg) 5.67+0.44 5.87+0.34
Vertical Braking Impulse (Ns.kg) 1.34+0.63 2.58+0.46
Vertical Propulsive Impulse (Ns.kg) 4.36+0.43 3.32+0.48
Horizontal Impulse (N.kg) 0.70+0.16 0.30+0.15
Horizontal Braking Impulse (Ns.kg) 0.05 +0.02 0.19+£0.05
Horizontal Propulsive Impulse (Ns.kg) 0.76 +£0.13 0.50+0.11
Table 22. Example kinematic outcome measures during a horizontal TH
1 2 3 Total
Mean £ SD Mean £ SD Mean £ SD Mean £ SD
Flight Time (s) 0.28 +£0.03 0.33+0.04 0.44 +0.05 -
Ground Contact Time (s) 0.28+0.03 0.26 £0.03 - -
Hop Distance (m) 1.69+0.15 2.03+0.23 2.73+0.31 6.48 + 0.63
Reactive Strength Index (RSlhorpist) 7.26 £1.39 10.71+2.18 - 11.99+2.21
Reactive Strength Index (RSlhorer) 1.18+£0.25 1.72+0.34 - 1.44+0.28

8.2.2 Quintuple Hop

For physiotherapists who have higher-functioning athletes, it is suggested that a QH may provide a

means to test the athlete’s ability to tolerate higher stretch-load demands that may be more

indicative of sport. Anecdotally, the authors have noted that many athletes exhibit good

coordination in TH; however, with higher stretch-loads, for some individuals there is a loss of

coordination in hopping rhythm, likely due to inadequate strength to handle such braking forces,

which in turn affects the utility of the test. For example, vertical ground reaction force increases
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by approximately 14% between successive contacts during TH and QH tests, ranging from 3.3x to
5.1x body weight from the first to the fourth ground contact (Figure 16) [151]. With successive
hops, the demand on the tissues and structures responsible for vertical eccentric braking forces
(plantar-flexors, vasti muscle group) of the lower limbs increases by ~¥32% to counter the body's
downward momentum, while the horizontal braking demand (dorsi-flexors, hamstrings, gluteals)
increases by ~56% [151]. This indicates that the foot, during landing, is likely touching down
further in front of the line of the CoM, a result of the system’s need to produce greater forces to
prevent collapse to the ground. The increased percentage contribution of both vertical and
horizontal braking contributions to ‘net impulse’ for both TH and QH with successive contacts can
be observed in Figure 17. With the increase in braking demand, there is a decrease in vertical (21-
24%) and horizontal (40-57%) propulsive output between the first and last hops, likely due to the
body’s capacity to produce force during shorter ground contact time, a result of the increased

velocity in the body’s CoM.
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Figure 16. Vertical force shown in bodyweight (BW) across hops
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Figure 17. Percentage contribution of vertical and braking impulse towards net vertical and anterior-posterior impulse
across horizontal multiple hops

8.2.3 Asymmetry

Due to the increased stretch-load demands of the QH, the associated elevation in injury risk may
be unjustified as a form of RTS assessment. This risk must be considered in the context of the
individual’s status and functional capacity and the anticipated physical demands of their sport
upon return. Figure 18 provides a framework for decision-making specific to the variables of
interest and introduces the concept of outcome versus movement strategy variables. The
technology required to assess these variables is discussed later in this article. Many RTS protocols
emphasise outcome-based metrics, such as hop distance, without considering the underlying
movement strategies that influence these outcomes. Key determinants of a movement strategy

include the kinetic components of vertical and horizontal braking and propulsive forces/impulses,
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which affect kinematic factors such as flight duration and ground contact time during each hop,
which in turn are affected by the range of motion of the trunk, hip, knee and ankle [47]. A more
granular analysis of these kinetic and kinematic factors offers deeper insight into the athlete's
functional status and helps identify specific deficits that may need to be addressed to facilitate
successful RTS, because as previously highlighted, outcome-based measures like hop distance may

not fully capture underlying joint work asymmetries or compensatory movement patterns.

The RSl in the horizontal plane (RSlhor), typically calculated as hop distance (RSlhoroist) or flight time
(RSlhorr) divided by ground contact time across multiple hops, has been shown to correlate
strongly with sprinting and change-of-direction performance [139, 147] and is a useful variable to
assess and monitor. RSl is considered a fundamental determinant of various athletic qualities [82]
and, due to its demonstrated reliability, particularly within the context of TH assessments, is a
valuable addition to the RTS test battery [44]. Because RSlnor is a function of both flight time and
distance (both reflective of propulsive force application) and ground contact time (which
encompasses the braking phase, CoM repositioning, and subsequent force generation), it offers a
complementary assessment of lower-limb reactive strength than flight time or ground contact
time in isolation. Caution is warranted however when interpreting ratio-derived measures such as
the RSI, and even more so for LSI, which introduces an additional layer of complexity. To
accurately interpret changes in these variables and support evidence-based decision-making, it is
essential to also examine their underlying components, such as ground contact time, flight time,

and displacement [16].

As can be observed in Figure 18, one of the outcome measures of the TH (usually hop distance) is
determined by movement strategies that are essentially a combination of kinetic and kinematic

factors. In essence, LSI [124] could be quantified on any number of these measures, depending on
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the technology available and the focus of the assessment. The LSI compares DOM versus NDOM or
affected versus non-affected limbs and is used to determine readiness for RTS and can include
assessments of strength, RSI, endurance, change-of-direction/agility, and landing mechanics [40,
57, 65, 124, 172]. The single-leg hop, TH, and crossover hop as common methods for assessing

horizontal symmetry [44, 93, 97, 115, 138].

Recent insight from the Aspetar Orthopaedic and Sports Medicine Group challenges the clinical
utility of distance-based measures and their associated symmetry indices in assessing
biomechanical knee function following ACLR. As previously mentioned, although LSI values for hop
distance may indicate acceptable levels of asymmetry (< 15%), individuals after ACLR often
continue to show significant imbalances in joint mechanics and particularly during the propulsive
phase (with only 69% symmetry) and the braking phase (87% symmetry), even though hop
distance LS| was as high at 97% [93]. Notable deficits in knee peak flexion angle (~9%), knee
extensor moments (~14%), and increased knee adduction moments (~¥17%) have been observed in
elite runners following ACLR, even after completion of RTS programs and successfully achieving
performance test outcomes [3]. Outcome measures such as distance fail to capture joint-specific
contributions to movement and do not accurately reflect the functional capacity of the knee joint.
Notably, during the propulsive phase of a hop, approximately 10-14% of the work is performed by
the knee, with the remaining 88% attributed to the hip and ankle [93]. Sharp et al. (2025) found
greater individual asymmetries in kinetic variables, particularly braking impulse asymmetries as
high as 95.4% [146], most likely due to differing braking movement strategies and/or eccentric
force capability [78], with the greatest asymmetry only 12.7% in hop distance and 9.3% in total
hop distance performed. These findings underscore the inadequacy of distance alone as a
surrogate for assessing knee function and highlight the need for more joint-specific biomechanical

analyses in RTS decision-making [92]. Furthermore, the reader needs to be cognisant that when
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reviewing the literature, average asymmetry differences across groups can be trivial to small;
however, substantial within-group variability in many cases can be observed. Moreover, the
direction of asymmetry often fluctuates between individuals, underscoring the need for

individualised data analysis rather than reliance on group means alone [44].
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8.2.4 Technology Integration for Better Diagnostics

The diagnostic information available to practitioners is inherently limited by the technologies
accessible within their environments. Many of the advanced measures discussed previously can
only be determined in a laboratory setting, such as asymmetry metrics derived from in-ground
force platforms, and are often impractical in routine clinical or field settings due to their high cost
and substantial infrastructure requirements. To address this limitation, this section introduces
technologies that can be used to measure the kinematic and kinetic variables detailed in Figure 18,

which should in turn enhance the diagnostic utility of multiple hop testing.

A systematic framework for technology integration, mapping each tool to its diagnostic
capabilities, is detailed in Figure 19. The diagram showcases the progression from low-cost tech to
“gold standard” options. Increasingly, low-cost technologies are becoming available to
practitioners, enabling the collection of meaningful, high-quality data that can inform clinical

decision-making.

Tier 1 assessment involves traditional methods for assessing TH performance, such as using a
measuring tape. A standardised warm-up and assessment protocol (Appendix IX) ensures
consistency and reliability in measurement. The hopping sequence is illustrated in Figure 20. This
method allows for the evaluation of overall hop performance via total distance covered, as well as

limb symmetry by comparing outcomes between the affected and unaffected limbs.
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Figure 20. The sequence of a right foot TH (green)

Tier 2 assessments incorporate videographic assessment in conjunction with a measuring tape to
enhance the evaluation of hop performance. Video-based assessments using a smartphone
recording at 120 fps or tablet have been found to be both valid and reliable for TH and QH testing,
enabling detailed analysis of each hop phase [149, 150], but with higher frame rates of 240 fps
readily available this will likely provide a very high correlation with infrared motion capture in jump
detection [11]. For optimal recording, the device should be mounted on a tripod approximately 30
cm above the ground and positioned 14 m from the start line for the TH or 19 m for the QH.
Adequate lighting conditions are crucial for accurately detecting key events, such as heel strike and
toe-off. The recorded footage can be analysed using open-access motion analysis software, such as

Kinovea (https://www.kinovea.org), which has a high level of functionality to measure temporal

events (flight and contact times), as well as joint kinematics through manual annotation.
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Figure 21. Attachment of the IMU sensor to the shoe using a Velcro strap

Tier 3 assessments can provide automated detection of hop kinematics utilising inertial
measurement units (IMUs), which present a non-invasive, field-friendly option for assessing the
mechanical demands of hopping tasks and have shown to have acceptable levels of reliability when
compared to ‘gold standard’ measurements on force platforms [38]. Several commercially available

products such as those at Output Sports (https://www.outputsports.com) utilise IMUs capturing

data at 500 Hz, and can be easily attached to the dorsal surface of an athlete’s training footwear
using a Velcro attachment (see Figure 21) prior to hop assessment, and offer automated
measurement of spatiotemporal variables, e.g., ground contact time, flight time, and then RSl is
derived, as well as proxy measures of landing impact forces based on acceleration data (see Figure

166


https://www.outputsports.com/

22). IMUs enable a more nuanced and practical approach to movement assessment in performance
and rehabilitation settings. An example of immediate data from a right leg TH, collected using an
Output Sports IMU and an iPhone is shown in Figure 22. In this example, key performance metrics
including GCT (contact time), FT (Air time), peak acceleration (representing peak deceleration at
impact), and RSI (calculated as Air Time/Contact Time), which are generated from a single TH. These
variables can be used to assess and monitor changes in both propulsive and braking capabilities over
time, as well as to quantify asymmetries between the affected and unaffected limbs. The magnitude

of asymmetry from the averaged hop data for the left and right legs is also shown in Figure 22.

Hops - Single Leg Hops - Single Leg

Average Contact Time Average Air Time « A CCA Athlete 1 (43

Left Right Left Right Contacts
Hops - Single Leg (Right)

09:28 18 Dec 2024
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Figure 22. TH kinematics and kinetics are automated using a commercialised IMU (Output Sports)

Tier 4 technology offers a more advanced, yet still accessible, solution through the use of 3-D
marker-less motion analysis systems and integrated Al based data management, such as VueMotion

(https://www.vuemotion.com), which utilise video captured from multiple iPhones. Although

further validation is required, preliminary evidence suggests that these systems can provide
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biomechanical insights comparable to those obtained from traditional marker-based motion
capture technologies, but with significantly reduced cost and complexity [140, 157]. VueMotion is
an Al-driven video analytics platform capable of generating comprehensive kinematic reports,
kinograms, and augmented reality overlays, offering deeper insights into the movement strategies
employed during each hop. For dual-plane assessment (frontal and sagittal), three iOS devices are
required; two for video capture and one to synchronise the recording process. Once footage is
collected, it is uploaded to a server, and detailed reports are typically generated within 24 hours.
These reports include a wide range of outcome variables, and kinematic movement strategy
variables across key joints, such as the shoulder, spine, pelvis, knee, and ankle, and at critical time
points including initial contact, peak knee flexion, and take-off of TH. A small sample of the data is
shown in Table 23 and Figure 23. This information is vital for understanding the motor strategies
used by affected versus unaffected limbs and can be leveraged to identify key physical capacities
for development, as well as to guide coaching and rehabilitation strategies targeting compensatory

gait patterns.

Table 23. A sample of TH kinematics data captured using a commercialised Al video application (VueMotion)

Left Right Asymmetry (%)
Total Distance (m) 6.77 7.23 6.36
Hop Distance 1 (m) 2.08 1.92 8.33
Hop Distance 2 (m) 2.00 2.25 11.11
Hop Distance 3 (m) 2.69 3.06 12.09
Reactive Strength Index 1 (RSlhorpist) 6.67 8.04 17.04
Reactive Strength Index 2 (RSlhorpist) 10.76 12.24 12.09
Flight Time (%) 58.65 61.31 4.34
Ground Contact Time (%) 41.35 38.68 6.88

Hop Distance .
Note: RSlhorpist = ( p ) measured in m-s-1

Ground Contact Time
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Mid Stance 1 Mid Stance 2

Valgus—-Varus: —3.08

Figure 23. TH joint kinematics automated using a commercialised Al video application (VueMotion) in sagittal and
frontal planes.
Key: FSA = femur spine angle; AMA = ankle maximum amortization angle

Tier 5 technology incorporates gold-standard biomechanical assessments using both force
platforms and motion capture software, limited to laboratory-based data capture. As such, their
application to in-field analysis is not practical for most practitioners, and therefore, the discussion
of this technology is outside the scope of this article. Future research could, however, employ
force platforms to determine stretch-shortening cycle (SSC) efficiency in cyclical movements in the
horizontal direction, such as the TH, thereby building on the work by Pedley et al. (2022) [125].
This could add a further layer to the RTS criteria and drive physical programming, coaching cues,

and intent with rehabilitation sessions.

8.3 Conclusions

The TH test is a simple, reliable, and effective tool for assessing an athlete’s physical status and

readiness to return to sport. It can be easily administered with minimal equipment, typically
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requiring only a tape measure, yet, when combined with accessible and cost-effective technology,
it can yield higher-level insights into an athlete's neuromuscular and lower limb function. These
tools enable asymmetric assessments on nuanced biomechanical components of RTS, providing
insight that can inform targeted rehabilitation strategies and guide future programming to optimise

recovery while reducing the risk of re-injury.
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CHAPTER 9: OPTIMISING MULTIPLE HOP TESTING:
PRACTICAL INSIGHTS AND PERFORMANCE IMPLICATIONS
IN PHYSICAL ASSESSMENT AND TRAINING DESIGN

This chapter comprises the following, submitted to Strength and Conditioning Journal.

Reference:

Sharp, A.P., Neville, J., & Cronin, J.B. (2025). Optimising Multiple Hop Testing: Practical Insights and

Performance Implications in Physical Assessment and Training Design. Under review.

9.0 Prelude

Translating the research findings of the thesis into a cohesive and meaningful resource for
physiotherapists was the goal of Chapter 8. Chapter 9 follows the same approach but synthesises

previous findings into a context more specific to strength and conditioning practice.

9.1 Introduction

The utility of horizontal multiple hop testing in series, including TH and QH, has been described
previously [155], as well as their validity and reliability [23, 69, 115, 149, 150]. Horizontal multiple
hop assessments, particularly the TH for distance, are commonly employed by sports medicine and
physical performance practitioners to evaluate lower limb cyclic force expression and inter-limb
asymmetry. The hop distances achieved in these tests are frequently used to inform RTS decisions,
with LSI derived from hop distance serving as surrogate markers for readiness to return and risk
mitigation. Hop distance, however, represents an outcome measure influenced by multiple

biomechanical components, including joint kinematics, kinetics, neuromuscular control, and inter-
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segmental coordination. Evaluating only distance may obscure understanding the determinants of
performance and/or persistent asymmetries, particularly during propulsion and braking phases,
which are critical to dynamic joint loading and overall movement quality [93, 168]. For example,
although distance-based LSI values may fall within the traditionally accepted threshold of <15%
asymmetry [13, 20], substantial deficits may persist in joint-specific contributions. Kotsifaki et al.
(2022) demonstrated that individuals post—ACLR exhibited marked asymmetries in joint mechanics,
with symmetry indices of only 69% and 87% during the propulsive and braking phases, respectively,
despite acceptable hop distance LSIs. It would seem that the validity of using hop distance alone to
infer readiness for RTS has been questioned, emphasising that it may not adequately reflect the
underlying biomechanical integrity of movement [64, 165]. Furthermore, the utility of extended
horizontal hop assessments, such as the QH for distance, remains poorly defined in the context of
both performance profiling and asymmetry detection. Given that these tests may impose greater
demands on neuromuscular control and fatigue resistance, they hold potential as more sensitive

indicators of lower limb function.

Multiple hop assessments can also provide valuable insights into an athlete’s ability to generate
high levels of reactive strength and tolerate substantial stretch-load forces, which are characteristic
of elite sporting environments. Recent findings by Sharp et al. (2024) highlighted the considerable
increase in stretch-load demands associated with multiple hops performed in series [151], and their
utility in understanding an athlete’s physical status. This approach is not novel, as both the
assessment and its application in training have been discussed in the athletic literature since the
1970s. Notably, Carlo Vittori, renowned Olympic sprint coach of Pietro Mennea, who won the 200
m gold medal at the 1980 Olympic Games and set a world record in the event, integrated multiple
hop testing into his methodology. Vittori’s framework for developing and monitoring the "cyclical

expression of strength" included TH and QH for distance [162]. He utilised multiple hops to evaluate
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an athlete’s capacity to produce repeated high-intensity force outputs at progressively faster
speeds, interspersed with brief periods of muscular relaxation or inhibition. These multiple hop
assessments provided Vittori insight into the coordination between his athletes’ theoretical force
capability and their speed expression, offering a diagnostic perspective on the balance between an
athlete’s neuromuscular and performance potential. Specifically, Vittori determined that athletes
with a capacity to express strength in sprinting should be able to hop approximately 70% further in

a QH compared to a TH.

With the aforementioned information in mind, this article aims to provide strength and conditioning
coaches with a comprehensive overview of multiple hop testing, with a particular emphasis on
quintuple hopping, outlining the practical applications, interpretive value, and role in assessing
inter-limb asymmetry. Furthermore, the article explores technological considerations for physical
performance testing that enhance diagnostic capabilities while accommodating a range of
performance environments and resource constraints. Finally, an example of how to integrate test

outcomes into training design to optimise athletic performance is considered.

9.2 Biomechanical Demands of Horizontal Multiple Hops in Series

Horizontal multiple hops in series consist of repeated unilateral propulsive and braking actions,
showcasing an athlete’s ability to generate high levels of reactive strength and attenuate significant
stretch-load forces, whilst repositioning the body to perform the subsequent hop. A typical force-
time profile for a QH is shown in Figure 24, with associated force characteristics and outcome
metrics presented in Tables 24 and 25. GRFs are typically separated into vertical and horizontal
components and further divided into braking (eccentric) and propulsive (concentric) phases. Peak
forces during the braking phase are often referred to as landing or impact peaks. Each hop requires

the athlete to generate vertical and horizontal propulsive impulses (i.e., the product of force and
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time), which influence take-off velocity and contribute to hop distance. During each landing, vertical
and horizontal braking impulses are produced as the athlete decelerates, stabilises, and repositions
the body in preparation for the next hop. This occurs while attempting to preserve forward
momentum within the limits of their neuromuscular system. The rapid deceleration or stretch-load

during landing also results in lengthening of the musculotendinous unit under tension, and its

capacity is essential for effective elastic energy use, contributing to subsequent propulsive actions.
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Figure 24. The propulsive and braking phases of a QH (four unilateral ground contact phases) with associated vertical

and horizontal forces

Vertical and horizontal stretch-loads gradually increase with each hop due to rising forces (Table 24)
occurring over shorter ground contact times (Table 25). Notably, the transition from the first to the
fourth ground contact in a QH result in substantial increases in stretch-load demands, especially in
vertical (~3.5x) and horizontal (~13x) braking, as shown in Table 24. These heightened braking
demands reflect the greater neuromuscular effort needed to absorb force quickly and prepare for
the next propulsion. The authors have observed that many athletes demonstrate good coordination

during TH; however, when faced with the higher stretch loads observed in quintuple hops, they
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often lose control due to insufficient strength to manage such braking forces, which subsequently

affects their test performance. For example, vertical ground reaction forces typically rise by 12—24%

between consecutive contacts during the hops, increasing from ~3.3 to 5.1x body weight from the

first to the fourth ground contact. This gradual increase highlights the growing demand on the

lower-limb muscles to withstand and respond to high-magnitude stretch loads in quick succession,

as indicated by the peak forces at heel strike impact (Figure 24). This should be considered before

using hops in series in both testing and training [146].

Table 24. Example kinetic data during a horizontal QH for vertical and horizontal braking and propulsion phases

Ground Contact 1

Ground Contact 2

Ground Contact 3

Ground Contact 4

Mean £ SD Mean £ SD Mean £ SD Mean = SD
malfg\)/ert'ca' Force 32.1+4.22 39.7+7.15 45.1+8.76 50.7+10.5
2’,\? rkt'gc)a' Impulse 5.48 +0.44 5.48+0.42 5.60 + 0.40 5.88 +0.34
Vertical Braking Impulse 1.04+0.58 2.02+0.37 2.80+0.37 3.55+0.58
(Ns.kg)
Vertical Propulsive Impulse 4.46 +0.40 3.5140.29 2.85+0.24 2.43+0.51
(Ns.kg)
;:\?L';’nta' Impulse 0.78 +0.15 0.46 +0.09 0.20 +0.09 -0.05 +0.19
Horizontal Braking Impulse 0.03 +0.02 0.11+0.03 0.26 +0.04 0.40 +0.09
(Ns.kg)
Horizontal Propulsive Impul
orizontal Fropuisive Impuise 0.82+0.14 0.58 +0.07 0.44 +0.07 0.35+0.10
(Ns.kg)
Table 25. Example kinematic outcome measures during a horizontal QH
1 2 3 3 5 Total
Mean = SD Mean £ SD Mean = SD Mean = SD Mean = SD Mean = SD
Flight Time (s) 027+0.03 032+004 033+004 0344004 0.45+0.06 -
Ground Contact Time (s) 028+003 025+002 024+003 0.24+0.03 - -
Hop Distance (m) 163+0.16 1.98+022 221+025 235+027 2.89+037 11.1+1.22
Reactive Strength Index (RSloroisr) 7304129 912+169 994+203 1224282 - 11.2+2.02
Reactive Strength Index (RShor) 1174023 1.36+027 146+031 1.89+0.43 - 11.2+2.02

Note: RSIhorDIST = (

Hop Distance
Ground Contact Time

) measured in m-s-1

With each successive hop, the mechanical load on lower-limb tissues responsible for vertical

eccentric braking, mainly the plantar flexors and the Vasti muscle group increases by ~27-94% to

counteract the downward momentum of the centre of mass (CoM). Similarly, the horizontal braking
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demands on the dorsiflexors, hamstrings, and gluteals rise significantly, by ~54 - 266%. These

increases suggest that at heel strike, the foot likely lands further in front of the CoM in successive

hops, driven by the need to generate higher braking forces over more extended periods to prevent

collapse and sustain forward motion. The growing contribution of both vertical and horizontal

braking impulses to the net impulse across successive contacts in the QH can be observed in Figure

25. Along with this rise in braking demands, there is a corresponding decrease in propulsive output.

Vertical propulsive impulse drops by around 15 - 21%, and horizontal propulsive impulse declines

by 20 - 29% from the first to the last hop. This reduction is probably due to shorter ground contact

times and the increasing velocity of the CoM (which results in high stretch-load), limiting the time

available to generate force effectively.

Vertical Propulsive Impulse
81

63

51

41

59
49
37
Vertical Braking Impulse 19
Hop 1 Hop 2 Hop 3 Hop 4
46
64
84
Horlzontal Propulsive Impulse 96
54
36
Horizontal Braking Impulse 16

100%

100%

Figure 25. Percentage contribution of vertical and braking impulse towards net vertical and anterior-posterior impulse

across horizontal QH
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9.2.1 Reactive Strength Index

Reactive strength refers to the capacity to effectively transition between eccentric and concentric
muscle actions, known as the stretch-shortening cycle (SSC). It has received significant attention as
a key factor in various athletic abilities [82] and is closely linked to vertical leg-spring stiffness [86].
Reactive strength is typically expressed as RSI, which is calculated as the ratio of jump height to
ground contact time during a drop jump [59], or as RSlmod, Which uses the ratio of jump height to
time to take-off in a CMJ [53] or the flight time-to-contact time ratio, sometimes called the reactive
strength ratio [34, 73, 97]. Considering the principle of specificity, it may be more appropriate to
assess RSl in the direction of movement that is most relevant to the activity. For sprinting, this has
led to the development of a horizontal RSI (RSlhor) that better captures the demands of horizontal

force expression.

The RSl in the horizontal plane (RSlhor), typically calculated as hop distance (RSlhorpist) or flight time
(RSlhorrr) divided by ground contact time across multiple hops, has been shown to correlate strongly
with sprinting and change-of-direction performance [139, 147] and is regarded as a key determinant
of numerous athletic performance qualities [82]. Within the context of TH assessments, RSI has
demonstrated a high correlation with vertical leg-spring stiffness, an important quality in force
transmission and elastic energy return [86]. The RSI offers a complementary measure of lower-limb
performance in assessments; however, caution is recommended when interpreting ratio-based
metrics. Accurate interpretation and decision making require considering changes in the underlying
components, including ground contact time, flight time, and/or displacement [16]. RSl is derived
from both flight time and jump distance, variables indicative of propulsive force application, as well
as ground contact time, which reflects the braking phase, CoM repositioning, and subsequent force
production. Thus, it integrates key components of SSC function into a single, interpretable metric.

With the progressive increase in stretch-load demands across successive hops, and particularly
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during the final two hops of a quintuple hop, the ability to sustain a higher RSlhor becomes more
strongly associated with sprint performance [147]. As demonstrated in Table 26, increased RSlor at
Steps 4-5 (calculated using hop distance rather than flight time) accounts for approximately 45% of
the variance in 40 m sprint performance in a group of forty-four male university athletes from a
wide range of sports disciplines and expertise from novice to elite; including kendo, baseball,
rowing, athletics, windsurfing, cycling, soccer, and basketball. Notably, the strength of this
relationship increases with distance from the start, underscoring the growing importance of

horizontal reactive strength at later stages of the sprint.

Table 26. Coefficient of determination (R?) indicating the proportion of variance that Hop RSl explains sprint
performance in QH

RSI 5m 10m 20m 40 m

Mean = SD R? Value R? Value R? Value R? Value
Hop 1-2 RSlhor-pist 7.30+£1.29 0.218 0.299 0.370 0.426
Hop 2-3 RSlhor-pist 9.12+1.69 0.205 0.300 0.393 0.450
Hop 3-4 RSlhor-pist 9.94 +£2.03 0.212 0.283 0.356 0.413
Hop 4-5 RSlhor-pist 12.2+2.82 0.257 0.340 0.408 0.454
Total RSlhor-pist 11.2+2.02 0.153 0.232 0.296 0.356

9.2.2 Asymmetry

Performance assessment using a unilaterally based hopping task, such as multiple hops, lends itself
to the possibility of limb comparison to quantify asymmetry. While asymmetry has been
investigated extensively in relation to both injury risk [48] and performance [20, 49, 50, 54, 116], the

evidence to suggest that asymmetry impacts performance is not definitive [1, 63].
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Table 27. Percentage asymmetry scores in QH kinematic and kinetic variables

Hop 1 Hop 2 Hop 3 Hop 4 Hop 5
Asymmetry Variable Mean £SD Mean £ SD Mean £SD Mean £ SD Mean £ SD
(range) (range) (range) (range) (range)
4.63+3.23 6.31+5.94 6.18 +4.26 5.24 +3.98 4.34+3.64
Flight Time
(0.00-12.9) (0.00 - 26.5) (0.00-17.1) (0.00-17.1) (0.00 - 14.9)
4.77 £4.02 5.09+4.02 5.52+4.42 4.58 +3.66
Ground Contact Time
(0.00-17.2) (0.00 - 16.7) (0.00-17.9) (0.00 - 14.3)
3.66 +3.27 3.50+3.16 3.88+2.35 4.01+3.07 4.65+3.19
Hop Distance
(0.00-12.6) (0.00-12.7) (0.40-10.1) (0.50 - 10.4) (0.00-11.9)
5.49+4.86 6.08 £5.92 7.07£5.29 7.04 +4.56
RSlhor-pist
(0.00 - 25.8) (0.13-28.9) (0.13-25.4) (0.33-18.5)
8.06+7.24 10.4 + 8.88 11.2+8.70 11.5+7.61
Maximal Vertical Force
(0.33-30.6) (0.08 - 36.6) (0.96 - 28.3) (0.41-29.1)
39.9+31.6 156t 124 13.5+10.9 11.2 £ 8.96
Vertical Braking Impulse
(0.00 - 95.4) (0.78 - 53.8) (0.33-40.2) (0.00 - 30.8)
8.93+6.13 7.96 +5.44 10.2+7.15 15.4+14.00
Vertical Propulsive Impulse
(0.46 - 27.6) (0.00 - 24.3) (0.32-31.0) (0.75-61.6)
32.4+23.6 36.9+23.6 25.0+14.1 19.9+15.0
Horizontal Braking Impulse
(0.00 - 87.5) (0.00 - 84.0) (0.00-61.3) (1.72-51.8)
10.4+8.91 11.8+8.44 14.4 +9.82 17.6 123
Horizontal Propulsive Impulse
(0.00 - 37.4) (0.00-31.7) (0.00-42.2) (2.56 - 66.7)

The averaged asymmetries from the same group of forty-four male university athletes are detailed
in Table 27. As can be observed from the table, when looking at kinematic variables the
asymmetries are less than 10%, however, the kinetic asymmetries for the same hops ranged from
7.96 to 36.9%. Particularly noteworthy were the horizontal braking asymmetries across hops (19.9
to 36.9%), indicating a real training need for this cohort of non-injured athletes. It needs to be also
recognised, that Sharp et al. (2025) found individual asymmetries during multiple hops in kinetic
variables, particularly braking impulse asymmetries as high as 95.4% [146], most likely due to
differing braking movement strategies and/or eccentric force capability [78], whilst asymmetries of
only 12.7% in hop distance were seen. This finding reinforces the importance of taking an individual
approach to asymmetry in movement strategy to understand the determinants and asymmetries

associated with outcome measures such as hop distance. The key determinants of a movement
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strategy include the kinetic components of vertical and horizontal braking and propulsive
forces/impulses, which affect kinematic factors such as flight duration and ground contact time
during each hop. These factors, in turn, are influenced by the range of motion of the trunk, hip,
knee, and ankle [47]. A more granular analysis of these kinetic and kinematic factors provides
deeper and more nuanced insight into the athlete's functional status. It helps identify specific
deficits that may need to be addressed to improve performance, because, as previously noted,
outcome-based measures like hop distance might not fully capture underlying joint work
asymmetries or compensatory movement patterns. Furthermore, the reader needs to be aware that
when reviewing the literature, average asymmetry differences across groups can be trivial to small;
however, substantial within-group/individual variability is often observed in many cases. Moreover,
the magnitude and direction of asymmetry often fluctuates between individuals, trials, and
sessions, underscoring the need for individualized data analysis rather than relying on group means

alone [17, 44].

9.3 What to Assess and How to Evaluate: Integrating Technology for
Improved Diagnostics

A decision-making framework focused on the key performance variables important for hop
assessments is shown in Figure 26. Critical factors for developing an effective movement strategy
to maximise hop performance include kinetic and kinematic factors. Strength and conditioning
coaches need to find ways to measure the various kinetic and kinematic determinants, as the
assessment used will predicate the level of insight into an athlete’s functional performance and
athleticism. Furthermore, such a layered analysis, can help identify specific neuromuscular deficits

and targeted interventions to improve performance.
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Quintuple Hop

Kinetics Kinematics

Horizontal Vertical Hop Distance

Braking Propulsive Braking Propulsive

Horizontal Horizontal Vertical Vertical Ground Contact

.......... Flight Time

Braking Force Propulsive Force Braking Force Propulsive Force Time

Horizontal Horizontal Vertical Vertical Reactive
Braking Impulse Propulsive Impulse Braking Impulse Propulsive Impulse Strength Index

Figure 26. Variables of interest in the assessment of QH

In practice, the ability to gather detailed diagnostic information is often limited by the technology
available in the weight training room or field settings. Many of the advanced measures discussed
earlier, especially those related to asymmetry, have traditionally relied on in-ground force
platforms. While these systems offer data of high value, their cost and setup requirements make
them unrealistic for most day-to-day environments. To help bridge this gap, the following section
highlights a practical tier-based framework that can be used to assess key kinematic and kinetic
variables (see Figure 27). These tools can improve the usefulness of multiple hop testing by making

it more accessible and applicable in field settings.
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Video/iPhone Marker-less
Motion Capture

Ground contact time Hop distances
Flight time Ground contact time
Reactive strength index Flight time
{with flight time) Reactive strength index
Symmetry (with hop distance)
Joint kinematics
Symmetry
Tier 1 ) Tier 2 Tier 4
Measuring Tape Inertial Sensors Force Platform and
= Motion Capture
Total hop distance Ground contact time Ground reaction forces
Symmetry Flight time Propulsive kinetics
Reactive strength index Braking kinetics
(with flight time) Ground contact time
Symmetry Flight time
Hop distances
Joint kinematics
Symmetry
SSC efficency

Figure 27. Technological options in the assessment of horizontal multiple hops in series

Tier 1 assessment use simple, field-friendly tool like a tape measure to evaluate quintuple hop
performance. A standardised warm-up and testing protocol (outlined in Appendix VIII) helps ensure
consistent and reliable results. As shown in Figure 28, the hopping sequence allows coaches and
athletes to assess total distance covered as a marker of overall hop capacity. It also provides a
practical way to examine limb asymmetries by comparing performance between the DOM and

NDOM limbs.

¢

o

g
g

k % #* % # {
Start Hop 1 Hop 2 Hop 3 Hob 4 Right foot total
i P : : distance

Figure 28. The sequence of a right foot QH test (green)
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Tier 2 assessments build on the previous method by incorporating video analysis alongside tape
measurement to gain deeper insight into hop performance. High-speed video captured using a
smartphone or tablet at 120 fps has shown strong validity and reliability for assessing TH and QH
performance [149, 150]. Devices capable of 240 fps, now widely accessible, may offer even stronger
agreement with gold-standard infrared motion capture for detecting key events like take-off and
landing [11]. For best results, the recording device should be placed on a tripod approximately 30
cm off the ground, positioned 19 m from the start line for the QH. Ensuring good lighting is essential
for capturing critical movement phases such as heel strike and toe-off. Videos can be reviewed using

free software like Kinovea (https://www.kinovea.org), which allows for precise timing analysis (e.g.,

flight and contact times) and basic joint kinematics through manual annotation [150].

In Tier 3 assessments, automated hop kinematics analysis using IMUs can be used, offering a non-
invasive and field-friendly option for evaluating the mechanical demands of hopping tasks. IMUs
have been shown to provide reliable data when compared to gold-standard force platforms [38].

Commercial systems like Output Sports (https://www.outputsports.com) offer IMUs that capture

data at 500 Hz and can be easily attached to the front of an athlete’s training shoe with Velcro (see
Figure 29) before starting the hop assessment. This technology allows for real-time measurement
of key spatiotemporal variables such as ground contact time, flight time, and RSI, along with
estimated landing impact forces based on acceleration data (see Figures 30 and 31). By offering both
immediate feedback, IMUs can provide a more detailed and accessible approach to movement
analysis in both performance and rehabilitation settings. Example data from left and right limb QH
(collected using an Output Sports IMU and iPhone) are shown in Figure 31. Key metrics like ground
contact time, flight time, peak acceleration (reflecting peak deceleration at impact), RSI (calculated

as Air Time/Contact Time), and drive index (calculated as Contact Time/Air Time) are displayed.
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These variables allow practitioners to track propulsive and braking performance, monitor changes

over time, and detect any asymmetries between the DOM and NDOM limbs.

Figure 29. Attachment of the IMU sensor to the shoe using a Velcro strap
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Figure 30. Quintuple hop kinematics automated using a commercialised IMU (Output Sports)
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Figure 31. Automated IMU data captured using an iPhone (Output Sports)
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Tier 4 technology presents a more advanced yet practical solution through markerless 3-D motion

analysis and Al-powered data processing. Systems like VueMotion (https://www.vuemotion.com)

utilise video captured from multiple iPhones to deliver detailed biomechanical insights, eliminating
the need for complex or expensive motion capture setups. While additional validation is ongoing,
early research suggests these systems can produce data comparable to traditional marker-based
methods, but at a fraction of the cost and logistical burden [140, 157]. VueMotion uses Al to
automatically generate detailed reports that include kinematic data called kinograms and
augmented reality overlays, giving coaches a deeper understanding of movement strategies used
during each hop. For dual-plane analysis (frontal and sagittal views), three iOS devices are needed:
two for video capture and one for synchronisation. After recording, footage is uploaded to a secure
server, and detailed movement reports are typically returned within 24 hours. These reports (see
Figure 32) include joint-level data for key segments such as the shoulder, spine, pelvis, knee, and
ankle at critical phases like initial contact, peak knee flexion, and take-off during TH. This level of
detail helps coaches compare the movement strategies between limbs, identify areas for targeted

development, and guide coaching or remedial interventions to address compensatory patterns.
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Mid Stance 1 Mid Stance 2

.

algus—-Varus: 10.63 Volgus-Varus: 3.21

Figure 32. QH joint kinematics automated using a commercialised Al video application (VueMotion) in sagittal and
frontal planes.
Key: FSA = femur spine angle; AMA = ankle maximum amortization angle.

Tier 5 technology represents the gold standard in biomechanical assessment, combining force
platforms with motion capture systems. While these tools offer the highest level of precision and
detail, they are generally restricted to laboratory environments due to their cost, complexity, and
lack of portability. As a result, their use in field-based settings is limited, and they fall outside the

practical scope of this article.

9.4 Practical Examples

The utility of the TH and QH tests has been discussed throughout this paper. The model presented
in Figure 26 identifies the key kinematic and kinetic determinants of hop performance. This model
offers a conceptual framework for understanding the primary drivers of performance, thereby

informing both assessment strategies and exercise prescription aimed at optimising performance
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gains. Furthermore, it provides a basis for assessing asymmetry, which can enhance the
effectiveness of RTS design. An example of translating hop assessment findings into targeted
exercise prescription is illustrated in Figure 33. In the Asymmetry section, asymmetries related to
kinetic movement strategy variables were found to be greater than those observed in kinematic
measures; accordingly, these kinetic variables form the primary focus of the discussion in this

section.

The example illustrated in Figure 33 addresses horizontal and/or vertical braking and propulsive
force deficits. Diagnostic findings may indicate impaired braking energy storage or absorption,
commonly associated with insufficient eccentric strength and suboptimal stiffness or compliance at
specific joints. Training strategies through design and specificity of exercise selection can target the
passive elastic components of eccentric force production (e.g., tendon, mysial tissues, etc.) by
training the musculotendinous tissues at long muscle lengths to induce adequate stress and strain
for tissue adaptation. Methods such as isometric holds, pause training, and eccentric quasi-

isometric training at long muscle lengths are well-suited to initiate mechano-transduction.

Eccentric braking capability may also be limited by deficiencies in the active contractile (muscular)
components. In cases where vertical and/or horizontal eccentric force capability or asymmetry is
identified as problematic, force-vector specific training becomes essential. Examples of vertically
oriented eccentric exercises include vertical drop landings, vertical flywheel training, and
accentuated eccentric loading. Conversely, when assessments reveal horizontal eccentric force
deficits or asymmetries, exercises such as horizontal drop landings or step-outs, horizontal flywheel

training, and multiple hop dead stops may be more appropriate.
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When addressing propulsive forces and optimising the utilisation of energy stored during the
eccentric phase, it is advisable to focus on concentric force capability if testing reveals deficits or
asymmetries in propulsive force production. Similar to the braking phase, the propulsive phase can
be subdivided into vertical and horizontal components, and training interventions should be tailored
to the individual’s specific requirements. For improving vertical propulsive force, appropriate
exercises include overcoming isometrics, concentric-only lifts, concentric-only ballistic movements,
and step jumps in the vertical plane. Conversely, to enhance horizontal propulsive force, suitable
options include horizontal overcoming isometrics, concentric sled pushes or towing, and concentric-

only horizontal jumps, ensuring specificity to the desired movement pattern.

9.5 Conclusions

The QH test presents a simple, reliable, and effective method for evaluating an athlete’s physical
status, which can be easily administered with minimal equipment, typically requiring only a
measuring tape. When integrated with accessible and cost-effective technologies, however, they
can provide more comprehensive insights into neuromuscular strengths and deficits to inform
training decisions. The QH imposes significantly greater stretch loads on the musculoskeletal system
than multiple hop assessments of fewer repetitions, thereby offering superior diagnostic value for
athletes who must perform tasks demanding high levels of reactive strength. Furthermore, by
assessing asymmetries at an individual level, they can provide further consideration for

performance enhancement and for reducing the risk of injury through more focused training design.
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Isometrics at LML
Pause training at LML
Eccentric quasi-isometric training

Ground Contact Time Passive Goals

Increase force capability of connective tissues

Vertical drop landings

Exercise Considerations Vertical flywheel training
Accentuated eccentric loading

Braking (Eccentric)

energy storage/absorption

Vertical Braking Force

Active Goals
Increase eccentric force capability of anti-gravity muscle X .
. . . Horizontal drop landings - step outs
Optimise stiffness or compliance
Horizontal flywheel training
Multiple hop stops (assisted/loaded)

Horizontal Braking Force

Flight Time/Distance A Vertical overcoming isometrics/PIMA
(RSI) Passive Goals Concentric-only strength training
Ballistic concentric

Increase force transmission capability of connective tissues
Box jumps/Step jumps

Exercise Considerations

Vertical Propulsive Force

Propulsion (Concentric)
Horizontal overcoming isometrics

energy utilisation .
Active Goals
Concentric sled pushing or towing

Increase concentric force capability of muscles
Concentric-only horizontal leaps/jumps/hops

Horizontal Propulsive Force Optimise synergistic contribution and co-contraction

Figure 33. Using braking and propulsive components of the hop assessment to inform training prescription
Key: LML = long muscle length; AEL = accentuated eccentric loading; RSI = reactive strength index; PIMA = pushing isometric muscle actions; HIMA = holding isometric muscle actions
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CHAPTER 10: SUMMARY AND FUTURE RESEARCH <@

DIRECTIONS / -

10.0 Summary

The overarching question that guided this thesis was, “Can technology integration into multiple hop

testing provide greater diagnostic insight to better inform physiotherapeutic and strength and

conditioning practices?” To answer this question, several specific research questions were

developed.

e What is the current status of the research on TH and QH hops regarding utility, reliability,
asymmetry, and their relationship to performance?

e Can smartphone videos offer a valid and reliable way to assess multiple hop variables?

e What are the physical demands of the TH versus QH?

e Do outcome and movement strategy variable asymmetries differ within and between hops?

e Isthe performance of multiple hops in series closely related to sprint performance?

e How can the findings uncovered throughout the thesis be translated into a resource that
enhances understanding of the usefulness of multiple hop assessments to improve strength,

conditioning, and physiotherapy practices?

Section 1: Where are we at?
The aim of Section 1 was to answer these two research questions:
e What is the status of the research on TH and QH in terms of utility, reliability, asymmetry, and

relationship to performance?
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e What simple tools can be used to improve the kinematic understanding of multiple hop

assessments?

In this section, two chapters were used to understand the current state of the literature on multiple
hop testing and identify gaps and limitations that would guide the thesis. Chapter 1 introduced
existing research on multiple hops, specifically relating to utility, reliability, asymmetry, and
performance, which ultimately determined the thesis direction. The PhD journey began 10 years
ago, and the state of knowledge then was very different from today; this has been acknowledged
early in the thesis and now. Nonetheless, the main findings were as follows: The TH was commonly
used in practice, whereas the use of the QH was less common. However, differences in hop
techniques and protocols made comparisons difficult, as a result a need for standardised TH and QH
protocols was recommended. The TH was found to have excellent reliability, but the QH had
received little scrutiny, suggesting the need for further research, especially in establishing its utility,
reliability, validity, and sensitivity. Healthy individuals were found to have TH asymmetries of 10-
15%, but the degree of inter-limb asymmetry associated with the QH was unknown. Finally, it was
acknowledged that these findings related to total distance jumped, and there was a need to quantify
multiple hop performance using methods other than simply measuring distance. This led to the
focus of Chapter 2, a literature review exploring the accuracy and sensitivity of smartphone video,

as well as its reliability and validity in jump diagnostics.

Quantifying multiple hop performance has largely been limited to measuring total distance jumped.
Distance jumped is an outcome measure that offers little insight into the movement strategies
involved in hop performance, providing minimal information to improve diagnostics and exercise
prescriptions. Simple, accessible technology capable of delivering higher-level information for

practitioners was needed. Smartphone technology was one option that met these criteria; however,
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it was necessary to evaluate the accuracy and sensitivity of smartphone video, as well as their
reliability and validity in hop diagnostics. This formed the basis of the Chapter 2 literature review.
The main findings of the review were that, as of 2019, there was a clear lack of studies investigating
the validity and reliability of smartphone technology for measuring jump or hop performance. At
that time, the My Jump App was the only tool available, and it was found to have good validity and
reliability across several variables, including jump height, contact time, flight time, and RSI. The app
was also extremely easy to use in various settings such as on the court, in the weight room, or on
the field, regardless of the iPhone model or user, provided the protocol was followed. However, it
should be noted that the data from the My Jump App was based on in-place vertical jumps, and the
use of smartphone technology for quantifying cyclic, multiple horizontal hops at that time was

unknown.

Section 2: Keeping it Simple
The aim of section 2 was to answer this question:

e Can smartphone video provide a valid and reliable assessment of multiple hop variables?

From the previous chapter, it was clear that the smartphone was an easy-to-use technology for
guantifying vertical jump performance. Therefore, this section focused on whether this technology
could also deliver valid and reliable data on horizontal multiple hop performance. Specifically, in
Chapter 3, a tablet and free software (Kinovea) were used to determine the between-rater, within-
rater, and test—retest reliability of temporal events, including flight time, ground contact time, and
total time during multiple horizontal hop testing. The key findings from Chapter 3 were: (1) good to
excellent between-rater consistency for analysis of both DOM and NDOM limbs during the TH and
QH tests (ICC = 0.85-1.00), (2) excellent within-rater consistency across all variables in the TH and

QH tests (CV = 0.0-2.0%; ICC = 0.98-1.00), and (3) acceptable test-retest relative consistency for all
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variables (CV = 2.0-8.7%; ICC = 0.47-0.93), with 10 out of 16 variables showing good to excellent
consistency over three testing sessions. It was concluded that the low-cost, highly accessible 2-D
smartphone/tablet and free software used in this study were reliable in detecting temporal events
during multiple hops and could be confidently used by sports performance and rehabilitation

professionals.

In Chapter 4, multiple hop kinematics captured via smartphone videography and processed with
Kinovea analytic software were compared to data captured on the gold standard in-ground force
plates. The main findings of this chapter were that a high level of agreement across all variables of
interest was found but were significantly different (flight time; - 0.14 to -5.96 %, ground contact
time; 4.89 to 5.83 %, total time; -0.37 to -0.58%). A systematic bias for flight and ground contact
times was observed for the TH and QH, which could be statistically corrected. It was concluded the
use of iPad and Kinovea software could be used as a valid alternative to measure multiple hop
kinematics, when performance coaches do not have access to expensive force-platforms or motion-

capture cameras.

Section 3: Going Deep

The aim of this section was to answer these three questions:

e What are the physical demands of the TH versus QH?

e Do outcome and movement strategy variable asymmetries differ within and between hops?

e |Isthe performance of multiple hops in series closely related to sprint performance?

Prior to this section, the focus was on finding a simple and cost-effective solution for capturing
advanced diagnostics to enable a more detailed understanding and assessment of the kinematics of

multiple hop performances. Inter-step and inter-limb comparisons involving flight, contact, and
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total time, along with total distance, could offer kinematic insights into asymmetry, movement
strategies, and outcomes. However, until now, there has been a lack of a kinetic understanding of
the hopping movements. This section aimed to address this by providing the reader with a deeper
understanding of: the biomechanical (kinematic and kinetic) demands of the TH and QH; the
usefulness of these kinematic and kinetic variables in quantifying asymmetry and gaining a better
understanding of injury risk; and whether these variables are related to high-level neuromuscular

performance (such as sprinting) in non-injured individuals.

The aim of Chapter 5 was to better understand and quantify the kinetic demands of multiple hops
in series. Emphasis was placed on determining the increased demands of the QH over the more
commonly used TH, as well as the stretch-load demands associated with different hops. The main
finding was that with successive hops, there was an average increase of ~32% in hop vertical braking
impulses and a ~“56% average increase in hop horizontal braking impulses. This suggests a significant
and progressive overload to the tissues responsible for vertical and horizontal eccentric braking of
the body's downward and forward momentum. The rise in stretch-load demands across hops
highlights the importance for practitioners to carefully plan programming to gradually build load
tolerance, especially in rehabilitating athletes, to prevent excessive and injurious overload of the

lower limb joints and tissues.

Of interest in Chapter 6 was understanding the usefulness of TH and QH kinematics and kinetics in
describing vertical and horizontal cyclic asymmetries. Since the higher stretch-loading occurs in the
QH, it was thought that greater levels of asymmetry might be detected in the latter hops, i.e., hops
3 and 4. The main findings were as follows: 1) the averaged kinematic asymmetries were below
7.1%, with the greatest asymmetries observed in the QH (hop 2-3) RSI; 2) the average kinetic

asymmetries were much higher, < 40.0%, with the largest asymmetries found in vertical braking
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impulse (hop 1-2); 3) greater asymmetries were observed in horizontal braking (mean = 14.3-38.8%,
max = 95.4%) rather than propulsive impulses (mean = 7.77 - 14.8%, max = 66.7%); and, 4) there
was considerable individual variability across measures. Ultimately, clinicians and coaches need
diagnostic information that improves understanding of an individual’s physiological and
biomechanical status, which should enable better exercise prescription to enhance patient and
athlete outcomes. It appears that asymmetry measured through outcomes like jump distance can
mask the extent of some movement strategy asymmetries, which should be considered in future

asymmetry assessments.

The thesis examined whether the QH assessment provided more advanced diagnostic information
compared to the TH assessment. This was analysed through kinematics, kinetics, and asymmetries
in both performance and rehabilitation contexts. From the outset, the utility of hop assessments for
profiling, monitoring, and training sprint performance was a key focus. There was limited research
on this relationship with the QH hop. Due to the higher stretch-load demands of the QH hop, it was
hypothesised that the QH might better differentiate sprinting ability than the TH. Whether this was
the case was the focus of Chapter 7. The main findings included: 1) TH and QH distances strongly
correlated with 10 m, 20 m, and 40 m sprint times (r = 0.70 to 0.80), while kinetic measures showed
weaker to moderate relationships (r < -0.55); 2) the association between RSlhor and sprint
performance increased with longer sprint distances (r = 0.49 to 0.71; p < 0.001), with RSlhor from
jump distance being a better predictor than from flight time; 3) hop ratios did not distinguish
between fast and slow sprinters, but RSlnor did; 4) significant differences in some kinetic measures
for TH and QH tests distinguished fast from slow sprinters; and 5) given the small differences
between TH and QH results, including both hops in for sprinting diagnostics may have limited value.
These findings provide practitioners with valuable insights into the potential usefulness of multiple

hop tests for evaluating and improving athletic performance.
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Section 4: Bringing it Together

The aim of this section was to answer this question:

e How can the findings uncovered throughout the thesis be translated into a resource that
enhances understanding of the usefulness of multiple hop assessments to improve strength,

conditioning, and physiotherapy practices?

At this stage of the thesis, we believed we had uncovered interesting and novel information in each
of the chapters that needed to be organised and integrated into educational resources tailored for
practitioners. This step was crucial because research is often not translated into actionable
outcomes. Therefore, making the findings “jump” off the paper and into practices that could
improve clinical and athletic outcomes was a key consideration. Ultimately, a “Masterclass”
approach was adopted to bridge the gap between theory and practice. Chapter 8 synthesised the
thesis findings and contextualised them to enhance physiotherapeutic practice by deepening
understanding of the insights provided by multiple hop testing and offering guidance on technology
implementation to achieve these goals. The aim of Chapter 9 was to translate the thesis research
into a cohesive and meaningful resource for strength and conditioning coaches, using a similar
approach as Chapter 8. In Chapter 10, the main findings were summarised, practical application of

each chapter and limitations discussed, and directions for future research outlined.

10.1 Practical Applications

The practical applications of the thesis to enhance the utility of multiple hop assessment for strength
and conditioning and physiotherapy became clearer through each chapter and stayed the focus
throughout. While Chapters 8 and 9 focus on outlining the practical applications of the thesis, the

following applications and recommendations are drawn from Chapters 1 to 7.
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Chapter 2

1. The use of mobile device videography, specifically with My Jump, was found to have high
validity and reliability for key measures such as jump height, flight time, contact time, and
RSI.

2. The My Jump app is user-friendly and functional in various settings (court, field, gym) and
operates regardless of iPhone model or user, as long as protocols are followed.

3. Strong evidence shows that My Jump and My Jump 2 are effective tools for assessing jump
performance across a wide range of populations, from beginner/student athletes to elite

athletes.

Chapter 3

1. Using a mobile device for videography, along with open-source and free software like
Kinovea, provides reliable spatiotemporal data and makes motion analysis both accessible
and affordable.

2. Multiple hop tests can be used for performance monitoring to track horizontal explosive
ability, fatigue monitoring, and RTS progress in athletes, complementing the more
commonly used vertically oriented jump tests.

3. Multiple hop assessments with mobile devices could be especially valuable in telehealth or
remote monitoring situations (e.g., when athletes are traveling or rehabbing away from their
team), because reliable spatiotemporal data can be collected with portable equipment.

4. The high between-rater reliability means multiple practitioners can analyse the same
footage and obtain comparable results, which is useful in team environments or clinical
practice.

5. The estimated analysis time of 2—3 minutes per test suggests this method can feasibly be

integrated into regular athlete monitoring without significant time costs.
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6. By monitoring flight and ground contact times, practitioners can identify suitable training
feedback through technical inconsistencies in hopping strategy (e.g., high variability in early

hops) and develop targeted interventions.

Chapter 4

1. The accessibility and affordability of equipment allow coaches and practitioners to use
mobile tablets/phones and free software to reliably evaluate multiple hop performance in
field settings, making advanced diagnostics more available and cost-effective.

2. Multiple hop tests provide progressive insights into neuromuscular potential, injury risk,
movement skills, and performance in both screening and monitoring contexts.

3. Acombined assessment of inter-step and inter-limb comparisons of flight, contact, and total
time with total distance provides detailed insights into movement strengths and
weaknesses.

4. Multiple hops can be used to monitor asymmetry and neuromuscular status during
rehabilitation and RTS protocols, as most ground contacts are fast stretch-shortening
movements (~0.259 s). These hops are classified as high stretch-load exercises, with forces

reaching ~6100 N (= 8.9x bodyweight) in a 70 kg athlete within 0.192 s on a single limb.

Chapter 5
1. The study provides objective reasoning for gradually progressing from TH to QH to avoid
excessive overload on athletes in RTP programs, with ~14% increase in maximal vertical
forces across successive hops, an increase of ~¥32% in hop vertical braking impulses, and a

~56% average increase in hop horizontal braking impulses. Carefully implementing a
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progressive load as part of programming for rehabilitating athletes is essential to prevent
overloading the lower limb and trunk joints and tissues excessively and causing injury.

2. Enhancing an athlete’s ability to resist and quickly reverse vertical eccentric forces should
improve propulsive impulse and hop distance.

3. Combining kinetic (strengthening) and kinematic (technique cueing) methods is likely most
effective.

4. Practitioners should customise hop assessments and training based on the athlete’s current
stretch-load capacity, using kinetic data to inform progression.

5. High variability in horizontal braking impulse indicates individual differences in movement
strategies; therefore, personalised analysis and technical coaching are crucial to maximise

performance.

Chapter 6

1. Multiple hop tests (TH and QH) can help identify subtle asymmetries in braking and
propulsion strategies that might not be apparent from hop distance alone.

2. Evaluating both outcome measures (e.g., hop distance) and movement strategy measures
(kinetics such as braking/propulsive impulses) offers a more comprehensive understanding
of readiness to play or RTS.

3. Large asymmetries in braking impulse indicate that eccentric braking ability should be a
major focus in rehabilitation and could also function as a specific screening tool for injury
risk.

4. High within- and between-subject variability indicates clinicians should focus on individual
tracking rather than relying solely on group averages.

5. ldentifying asymmetries in horizontal and vertical components helps improve training to

target weaknesses in eccentric braking or propulsive power.

200



6. Since asymmetry findings were similar in TH and QH tests, coaches might not need to

administer both tests, saving time during the testing process.

Chapter 7

1. Since hop distances are strongly correlated with sprint times, improvements in multiple hop
distances can serve as a surrogate for enhanced sprint ability when timing systems are not
accessible.

2. Since the TH provides similar diagnostic utility to the QH but with less stretch-load demand,
it may be a better option for athletes early in their rehabilitation. The QH might be better
suited for non-injured athletic populations.

3. Hop distances can be monitored along with sprint times, with improvements in hop
performance likely indicating significant gains in sprint ability. Multiple hops can serve both
as an assessment and a training exercise, with increases in hop distance and RSl likely to
translate into better sprint performance.

4. RSlhor calculated from jump distance is a better predictor of sprint ability and should be the
preferred metric. Flight-time based RSlhor may be used in field contexts when force platforms
are unavailable.

5. RSlhor (distance-based) can differentiate between faster and slower sprinters, whereas hop
ratios (QH/TH) cannot.

The development of video-based or Al-powered smartphone apps that can calculate RSlhor-

pisT makes multiple hop assessments feasible outside of laboratory environments.
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10.2 Limitations

While the research in this thesis has advanced the understanding of multiple hop testing and its

diagnostic applications, several limitations should be acknowledged. These limitations provide

important context for interpreting the findings and highlight areas where caution is warranted when

applying results in practice.

Study Design: Much of the research presented was cross-sectional in nature, meaning results
reflect a single point in time rather than changes over training or rehabilitation. As such, the
findings provide limited insight into how hop performance and asymmetry develop
longitudinally or how they respond to interventions. Additionally, while some studies included
short-term test—retest designs, there is a lack of evidence on the stability of measures across
weeks or competitive seasons.

Participant populations: The studies involved recreationally active or sub-elite male athletes
from a university setting, which may not fully reflect the demands or movement strategies of
elite athletes. Additionally, female participants were not included, limiting the ability to make
sex-specific conclusions. Lastly, most research was conducted with healthy athletes, providing
fewer insights into clinical or rehabilitative populations, thereby restricting direct application to
RTS scenarios.

Sample size: The empirical studies did not incorporate an a priori sample size calculation to
establish statistical power. Instead, the sample comprised a convenience cohort, determined by
the maximum number of athletes that could be assessed across a diverse range of sporting
disciplines within the 64 available testing sessions.

Task specificity: The thesis examined the TH and QH tests. While these tests offer valuable

insights into cyclic propulsion and asymmetry, they do not represent the full range of hopping
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tasks used in practical settings, such as lateral hops, crossover hops, or extended sequences
beyond the quintuple. This limited focus on specific tasks might reduce generalisation of the
findings across different sporting movements.

Relationship to performance: The link between multiple hop and sprint performance was
identified, but these results are correlational rather than causal. The predictive value of hop-
based variables for a wider range of sport-specific performance outcomes (e.g., agility, change
of direction, fatigue monitoring) remains uncertain. Greater insight into the magnitude and
direction of asymmetries in TH and QH kinematic and kinetic variables, as presented in Chapter
6, and their relationship with performance outcomes, could have been further explored.
Although extreme outlier data were reported, a more detailed examination of these cases and
their potential implications for performance would have strengthened the analysis.

To further explore the relationship between hop and sprint performance, an extreme groups
approach was adopted in Chapter 7. Participants were stratified into tertiles based on sprint
performance, with comparisons made between the fastest and slowest thirds. This approach is
consistent with the principles of ‘extreme groups design’ and was intended to enhance
between-group contrast, thereby aiding the detection of potential differences in hop
performance characteristics. Focusing on the most distinct performers may improve the clarity
of comparisons and support more intuitive interpretation from an applied perspective,
particularly when differentiating clearly faster from slower athletes. However, this approach
reduces the overall sample size and excludes intermediate performers, which may limit the
generalisability of the findings and increase the risk of inflated effect estimates. Furthermore,
the omission of the middle tertile may obscure relationships that exist across the full
performance continuum. Accordingly, the findings should be interpreted with appropriate

caution and considered alongside whole-sample analyses (e.g., correlational or regression-
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based approaches) to provide a more comprehensive and balanced understanding of the
relationship between hop capability and sprint performance.

Technology and measurement: Although smartphone and videographic methods were found
valid and reliable, several limitations remain. Systematic biases were identified between video-
based measures and force-plate data, and most video analyses relied on manual frame selection,
which could introduce rater bias. The studies were deliberately restricted to 2-D frontal plane
analysis. This approach was adopted to align with the primary objective of the research, which
emphasised the assessment of mechanical output rather than detailed technical movement
evaluation. While sagittal plane risk factors such as anterior pelvic tilt, trunk inclination,
excessive knee flexion, and limited hip extension are recognised as important factors in the
assessment of movement strategies and injury risk, their inclusion was beyond the intended
scope of the present work. This methodological decision was driven by a focus on practicality
and applicability within field-based settings. Incorporating a more comprehensive, multi-planar
analysis may have introduced a level of complexity that detracted from the study’s applied
focus, particularly given the diverse sporting contexts of the participants. Consequently, while
acknowledging the importance of technical movement strategies, the studies prioritised
measures that could be reliably and efficiently implemented without compromising ecological
validity. Consistency in lighting quality, footwear colour, and camera positioning could influence
the clarity of event detection, potentially causing measurement errors in real-world settings
without access to LED lighting. The video processing time was not formally measured, though it
averaged 2 to 3 minutes per hop. While hop analysis appears efficient, the actual time costs are
unknown and require validation before large-scale use. Although emerging technologies like
IMUs and Al video analysis were discussed conceptually later in the thesis, they had not yet been

fully validated within this thesis.
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Applied implementation of multiple hops: The practical insights developed in Chapters 8 and 9
provided translational value for physiotherapists and strength and conditioning coaches.
However, these applications were conceptual rather than experimentally tested in applied field
settings. As such, while they offer a strong foundation, their effectiveness and feasibility in real-

world environments remain to be empirically confirmed.

The limitations of this thesis emphasise the need for caution when generalising findings beyond the

specific populations, tasks, and measurement tools studied. Although strong evidence supports the

reliability and validity of multiple hop testing, further research is necessary to confirm its

longitudinal stability, refine asymmetry thresholds, and validate emerging technology integration

across various athletic and clinical settings. These limitations, however, also create opportunities

for future research directions, ensuring that subsequent investigations can build on the foundation

established in this thesis.

10.3 Future Research Directions

Technology development and validation: Integrating automated analysis and event detection,
especially with Al-driven video tools and IMUs, presents opportunities for real-time, field-based
diagnostics. Further research is then necessary to confirm their reliability across different
environments and assessments. To enable meaningful comparisons, the development of
standardised protocols would facilitate cross-technology evaluations between smartphones,
IMUs, and force platforms.

Longitudinal studies: The long-term stability of hop performance measures across weeks,
months, and competitive seasons needs to be determined. Emphasis should be placed on

evaluating the sensitivity of these measures to change, especially within rehabilitation contexts
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where even minor improvements may hold clinical significance. Furthermore, researchers
should also seek to establish minimum detectable changes for key hop variables such as RSlhor
and inter-limb asymmetry to support evidence-based decision-making in both clinical and
athletic performance settings.

Diversity of participation groups: Including female-only studies to develop female-specific
normative data will expand the application and understanding of multiple hops across both
sexes. Further insights into elite athletic populations are also vital, as their movement strategies
and asymmetry profiles may differ significantly from those of recreational participants.
Additionally, examining clinical and rehabilitation populations, such as individuals recovering
from ACLR or other lower limb injuries, will help establish hop testing as a reliable part of RTS
protocols.

Asymmetry and movement strategy: Longitudinal research is necessary to understand how
inter-limb asymmetries might change with training, rehabilitation, and fatigue, and what, if any
effect these changes may have on performance. Gaining further insight into the predictive value
of asymmetries (kinetic versus kinematic) could provide deeper understanding of injury risk and
performance limitations. Additionally, developing individualised thresholds for detecting
asymmetry, rather than relying on generic cut-offs (e.g., 10-15%), may improve the accuracy of
athlete monitoring and clinical decision-making.

Sports-specific performance: Examining the predictive value of hops and their hop-derived
metrics, such as RSlhor and stretch-load tolerance for on-field performance outcomes including
sprinting, agility, and change-of-direction speed would further broaden the scope of utility.
Additionally, the potential of hop performance as a tool for monitoring athlete readiness or
fatigue within training cycles warrants exploration as the proposed TH/QH ratio proposed by

Vittori [162] in Chapter 7 was not proven. Finally, the role of hop diagnostics in talent
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identification should be assessed, particularly in sports that demand high levels of reactive
lower-limb power.

e Applied training studies: To improve the practical usefulness of hop testing, future studies
should explore how these assessments can be easily integrated into routine training and
rehabilitation monitoring systems within real-world team settings. Decision-making models that
use hop-based data to inform RTS decisions, adjust training loads, and personalise performance

strategies should be thoroughly tested.

10.4 Conclusions

This thesis offers original research that enhances the understanding of how multiple hop testing
can enhance diagnostic insight into clinical and athletic profiling. From the findings it seems that
simple, cost-effective technologies can be effectively incorporated into assessments, providing
valid and reliable measures of athlete movement and outcome strategies. While further research
is needed to explore long-term applications and practical implementation, this work establishes a
clear framework for how such integration can be accomplished in both applied and research

settings.
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ABSTRACT

TRIPLE AND QUINTUPLE HOPS
(THT AND QHT, RESPECTIVELY)
ARE USED TO TEST REPEATED
PROPULSION. THIS NARRATIVE
REVIEW PROVIDES INFORMATION
REGARDING THE USE OF THT AND
QHT, AS WELL AS THEIR RELI-
ABILITY, TESTING NORMS BY SEX
AND ATHLETIC LEVEL, THEIR ABIL-
ITY IN DETECTING ASYMMETRY
AND RELEVANCE TO OTHER PER-
FORMANCE MEASURES. THE
TESTS' RELIABILITY (INTRACLASS
CORRELATION COEFFICIENT
[ICClryr = 0.80-0.98; STANDARD
ERROR OF THE MEAN [SEMlryr =
0.11-0.23 M; ICCqur = 0.89)
WARRANTS THEIR INCLUSION
DURING TESTING BATTERIES. THT
RANGES FROM 4.28 TO 6.90 M
AND ASYMMETRIES RANGE FROM
10 TO 15%. THT IS LIKELY RELATED
TO ACCELERATION CAPABILITIES.

Address correspondence to Michael Stolberg,
stolberg.m@gmail.com.

PRACTICAL RECOMMENDATIONS
ARE PROVIDED TO PRACTI-
TIONERS REGARDING TESTS'
ADMINISTRATION.

KEY DEFINITIONS

Hop: the propulsion and landing of one’s
body on a single leg, once or multiple
times; finally landing on one or 2 legs.

Triple hops: a test requiring the
participant to stand on one leg and to
hop forward 3 times, landing from the
third hop on 2 legs.

Quintuple hops: a test requiring the
participant to stand on one leg and to
hop forward 5 times, landing from the
fifth hop on 2 legs.

Hop distance differences between
limbs are described in various ways in
the literature. Though this review will
use the term asymmetry, terms such as
interlimb imbalance and symmetry
index are common. The former
describes how much difference there
is between the 2 limbs, whereas the
latter represents how similar the 2
limbs are to each other.

Interlimb imbalance: (strong leg —
weak leg)/strong leg X 100.

Symmetry index: (nondominant leg/
dominant leg) X 100.

INTRODUCTION

allistic movements such as jumps,
Bsprints, and throws are an integral

part of many sports and as such,
athletic success relies on their proficiency
(2). A recent review of ballistic movement
assessments (13) reported that most
lower body protocols involve some form
of bilateral vertical jumping. Though this
seems to be common practice in the lit-
erature, very few athletic activities require
the participant to propel oneself solely
vertically and in a bilateral fashion.
Rather, most sports demand multi-
planar propulsion, that is, an athlete
may need to execute a powerful action,
involving vertical, horizontal, and lateral

KEY WORDS:
field test; horizontal propulsion; jump;
sprinting; unilateral
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components simultaneously, for example
diagonal change of direction in response
to an opponent’s motion. Furthermore,
the majority of sporting motions require
the body to move in an asymmetrical
fashion, where the left and right sides
of the body perform different tasks such
as pitching in baseball or punting in
rugby. Finally, most sport specific situa-
tions require propulsion that is cyclic
rather than singular that is acyclic. There-
fore, a thorough understanding of cyclic,
unilateral, multi-axial propulsion would
seem to be of importance for optimal
athletic performance requiring such
modes of acceleration.

The scientific literature contains a multi-
tude of studies on unilateral horizontal
propulsion assessments. These include
tests such as: single hop for distance
(1,8,16,20,22), triple hop for distance
(1,8,16,20,22), 6-m hop for time (16,20),
crossover hop for distance (16,20,22), and
more recently, lateral countermovement
jump (14). It should be noted that in
many cases these hops are used in a clin-
ical setting, especially with regards to
knee injuries and their rehabilitation.
Hopping ability, as it relates to perfor-
mance in a healthy athlete population
is seldom addressed in the literature.
Though single and triple hop for dis-
tance, both seem to be administered
within testing batteries for athletic popu-
lations, the former test lacks cyclic unilat-
eral impact absorption and subsequent
propulsion, which is fundamental to the
triple hop. This component would seem
to be of high importance in sports that
require the athlete to propel oneself
cyclically.

Another similar test that is used in
training and assessment regimens is
the quintuple hop for distance, referred
to as the 5-hop test in the literature
(18). Like its triple hop counterpart, this
test requires cyclical impact absorption
followed by propulsion, over a longer
distance. Although the quintuple hop
for distance is a test with minimal
research, its use by practitioners war-
rants its inclusion in this review.

The purpose of this review is to pro-
vide an understanding of the triple and

quintuple hops, specifically the reliabil-
ity and testing norms will be reviewed.
This will be followed by a discussion
on aspects of asymmetry and relation-
ship of testing results to other perfor-
mance indicators. Finally, a discussion
of limitations as pertaining to the test-
ing protocols, evidence-based recom-
mendations will be provided so that
the practitioner may administer these
tests in an appropriate fashion.

SEARCH STRATEGY

To obtain articles for the review, a search
of internet databases Scopus, PubMed,
Google Scholar and Web of Science,
was conducted. The following keywords
were used: “triple hop,” “quintuple hop,”
“horizontal jump,” and “hop test.” The
bibliographies of all reviewed articles
were then searched and also reviewed.
Studies were chosen for inclusion if they
fulfilled one of the following 3 selection
criteria: (a) the study investigated the reli-
ability of the triple and/or the quintuple
hop; (b) the study investigated limb
asymmetry during triple and/or the quin-
tuple hop; and (c) the study reported
relationships between hopping distance
on the triple and/or the quintuple hop
and other performance parameters (e.g.,
10 m sprint time). All studies included
had to satisfy the following 4 criteria:
(a) the study gave detailed information
about male and/or female participants’
characteristics (ie., age above 18 years,
training status, and main activity); (b)
the study presented group means and
standard deviations for the dependent
variable (hop distance); (c) study partic-
ipants were healthy and had not reported
major musculoskeletal injuries to the
lower limb; and (d) studies had to be
written in the English language and must
have been published as a full text article in
a peer-reviewed journal.

DATA COLLECTION AND
SYNTHESIS

Nine studies satisfied the inclusion crite-
ria. The following characteristics were
recorded for all articles: authors and year
of publication. To adequately compare
studies, the following study parameters
were noted and categorized according
to: demographics (sample size, age, sex

and training status); testing variation
(type of hop, number of testing trials,
number of testing sessions and leg on
which hops were performed); absolute
and relative reliability (intraclass correla-
tion coefficient [ICC], standard error of
the mean [SEM], coeflicient of variation
[CV], standard error of the estimate,
smallest detectable difference, and 95%
confidence interval [95% CI] values);
testing performance (hopping distance
and interlimb asymmetry of hop dis-
tance); and performance validity (rela-
tionship between hopping distance and
other tests). It should be noted that out
of all the studies satisfying the inclusion
criteria, only one study (18) investigated
the quintuple hop for distance, with all
others solely focusing on the triple hop.

RELIABILITY

The reliability of triple hop protocols has
been reported in 5 studies (3,6,12,16,20)
(Table 1) and the quintuple hop having
been studied once (18). In regard to the
triple hop research, most ICCs were
greater than 0.90 with the exception
of one study (16) which reported an
ICC of 0.80 for their female university
students, which was less than the ICCs
reported for their male counterparts
(0.92). Overall, the reliability of the tri-
ple hop seems to be excellent with an
ICC value =0.80 in all studies. It must
be noted that when interpreting the
ICC, which serves as an index of rela-
tive or rank order reliability, it should
be interpreted cautiously when both
male and female data are pooled. For
example, some authors (3,6) have aggre-
gated both female and male data, which
most likely artificially inflated the ICC
due to the greater heterogeneity of the
group and thus may have overestimated
the reliability of the hopping protocol.
ICC values between 0.95 and 0.98 (3,6)

were reported in these instances.

In terms of the measures of typical error
(CV and SEM) for the triple hops, it
seems that CVs of less than 2% and
SEMs of 11-17 cm are common. One
study (16) reported greater variability for
their female participants—SEM = 23.18
cm. This was the only study to compare
males and females independently,
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Nondominant
leg: 0.95

leg: 1.8

Nondominant

d interval)

leg: 5.27 = 0.64

N/A Females: 0.23; N/A Females: 0.64; Females: 498- Females: 0.80;

Test, retest (3

=+

11 females; 22.3

Munro and

5.12; Males: Males: 0.92

5.76-5.93

Males: 0.17 Males: 0.48

sessions with 1
wk intervals)

3.7 y old; 11

Herrington

(16)

males; 22.8 + 3.1

y old

0.1 N/A N/A N/A 0.97

N/A

18 males; 20.2 = 1.2 Test, retest (4 wk

Ross et al. (20)

interval)

y old

T1: test 1; T2: test 2.

therefore, more research is needed to
determine whether or not movement
variability is greater with females or
the results are specific to this sample.
It is interesting to note that similarly,
an increase in variability was noted in
women compared with men in vertical
Jjumping (4).

The only researchers (18) to have quan-
tified quintuple hop reliability, reported
an ICC of 0.89 for female college softball
players. It seems that the quintuple hop
test is reliable, however, it is recommen-
ded that further research into its reliabil-
ity be undertaken for females and males
separately, as well as within well-defined
populations, that is, recreational versus
elite athletes. Furthermore, measures of
typical error (CV, SEM) associated with
the quintuple hop are needed to truly
appreciate the reliability of this protocol.

NORMATIVE DATA

When examining the published hop test
results, a large range of hopping distan-
ces can be observed (Table 2). In terms
of triple hop, mean results range from
428 * 0.64 m (3) to 6.90 = 0.40 m (11).
Male data ranged from 5.105 = 0.740 m
t0 6.90 = 0.21 m. Due to a lack of data
within the literature, no range for female
results can be produced. Only one study
(16) made comparisons between sexes,
or produced female-only data for that
matter. They reported mean distances
of 5.05 = 0.52 and 5.85 * 0.61 m for
females and males, respectively. Male
hopping distances were 13.6% greater
than those of females, within a recrea-
tionally active young adult population.
Highly trained individuals and amateur
and professional athletes achieve greater
distance on the triple hop test compared
with recreationally active counterparts
(5,11,12,20,21).

Within protocols that restricted upper
limb movement but allowed landing on
both legs, mean hopping distances
ranged from 511 * 0.74 to 690 *
021 m (11,12). Participants in these stud-
ies ranged from physically active males to
national level sprinters. On the other
hand, researchers who allowed upper
limb use but demanded final landings
on the hopping leg only reported means
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Table 2
Triple hop test normative data

Authors Subjects, gender, age, sport

Bolgla and 15 females, 5 males; 24.5 = 4.2 y old
Keskula (3)

Habibi et al. (5) 15 males; 21.89 = 3.26 y old regional

Hamilton et al.
(6)

and national level track sprinters.
Mean 100 m time of 11.67 = 0.46
(11.00-12.19 5)

20 females, 20 males; 18-23 y old, NCAA
DI-AA Soccer

Maulder and 18 males; 25.1 = 4.3 y old, Physically
Cronin (12) active in sports predominantly
involving lower limbs
Maulder et al. 10 males; 20 * 3 y old, Regional and
(11) national level track sprinters. Mean
100 m time of 10.87 * 0.36 (10.37-
11.42 s)
Munro and 11 females; 22.3 = 3.7 y old, 11 males;
Herrington 22.8 * 3.1 y old, University students,

(16)

Ross et al. (20)

Selistre et al.
1)

Min: 30 min PA 3/wk

18 males; 20.2 = 1.2 y old, US Air Force
Academy cadets

21 males; 23.2 = 3.6 y old, Second
league Sao Paulo State
Championship, Professional Soccer

Technique

Triple hop test (dominant limb—
kicking limb)

Triple hop test (left and right), Land
on 2 feet, Arms on hips

Triple hop test (dominant limb—
stance limb during kick), Arm
swing

Triple hop test (left and right), Land
on 2 feet, Arms on hips

Triple hop test (left and right), Land
on 2 feet, Arms on hips

Triple hop test (left and right),
Dominant limb—kicking limb,
Maintain balance on landing
(2 s), Arm swing

Triple hop test (1 leg determined at
random), No restriction of upper
limbs

Triple hop test (left and right), Arm
swing, Land 1 foot, other foot
can't touch ground

Triple hop test distance mean +
standard deviation (m)

T1:4.28 + 0.64, T2: 431 + 0.76

Block front leg: 6.63 =+ 0.57, Block
back leg: 6.50 *= 0.57

5.47 * 0.97, Max: 7.81, Min: 3.83

Dominant leg: 5.11 = 0.74,
Nondominant leg: 5.12 = 0.66

Block front leg: 6.90 = 0.21, Max:
7.30, Min: 6.68, Block back leg:
6.90 £ 0.40, Max: 7.53, Min: 6.31

Females: 5.05 + 0.52, Males:
5.85 * 0.61

T1: 6.70 = 0.64, T2: 6.73 = 0.66

Dominant leg: 6.65,
Nondominant leg: 6.74

T1: test 1; T2: test 2.

ranging from 585 = 0.61 to 6.74 m
(16,21). Participants in these studies
ranged from active male university stu-
dents to professional soccer players.

Though interstudy differences are dif-
ficult to interpret, it is possible that arm
swing enables greater triple hop dis-
tances to be achieved, at least in rec-
reationally active males. However, in
terms of highly trained participants it
seems that the top performing sprint-
ers of the Maulder et al. (11) study
would have hopped even greater dis-
tances using arm swing, because they
had the greatest mean distance in the
literature reviewed and were restricted
in terms of upper limb movement.

The one study which examined the
quintuple hop distances reported mean

values of 771 + 1.06 and 781 = 1.14 m
for the right and left legs, respectively.
The researchers also reported mean val-
ues of hop distances with respect to
personal leg preference as 7.92 = 1.08
and 7.59 * 1.10 m for the dominant and
nondominant legs, respectively (18).

Overall normative data exists for cer-
tain populations, namely recreationally
active men and women as well as elite
level male athletes for the triple hops.
Additionally, quintuple hops’ normative
data exist for female athletes (18). Future
research needs to focus on triple hop
norms for female athletes and collecting
further normative data for the quintuple
hop across all populations. Furthermore,
it is advised that interpopulation data
pooling (whether female and male or

recreational and elite) be avoided so that
gender-specific and  athletic level-
specific norms can be established.
Finally, protocol uniformity is advised
to help the practitioner compare norma-
tive data across populations.

ASYMMETRY

Triple hop limb asymmetry was exam-
ined in recreationally active adults.
Mean symmetry index scores between
99.32 = 5.82% and 101 = 5% were
reported for males, whereas females
were reported to have mean scores of
98.87 + 6.87% (15,19). It should be
noted that a symmetry index score
below 100% signifies that the dominant
leg (preferred kicking leg in the case
of these studies) covered a greater
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distance, whereas a score above 100%
describes that the nondominant leg
covered a greater distance. When male
and female data are pooled less asym-
metry is evident (ie., symmetry of at
least 90%), however, male only sym-
metry index data seem to be greater
than 85%. These studies are thus in
agreement with previous research
using other movement patterns that
cite limb asymmetry is approximately
10-15% in healthy, recreationally
active adults (15).

The one study that examined quintuple
hops assessed its effect on interlimb
asymmetry (18). The researchers re-
ported a symmetry of 99.08 * 5.34%
( > 0.05) between left and right legs.
‘When legs were designated as dominant
and nondominant, the symmetry was of
95.76 * 2.61% (p < 0.05), thus demon-
strating the possible utility in reporting
interlimb differences in terms of leg dom-
inance for more appropriate compari-
sons between subjects and groups.
Considering that the triple hop studies
reported symmetry index means of close
to 99%, whereas this study reported
a mean symmetry of approximately
96%, it could suggest that limb asymme-
try is magnified when using the quintu-
ple hop compared with the triple hop.
This intuitively makes sense in that any
asymmetry would be magnified with
greater number of hops, however, triple
and quintuple asymmetry needs to be
assessed in the same populations to val-
idate such a contention.

It should be noted that a recent review
on asymmetries in hops raised the issue
of reporting mean values for asymme-
tries (7). The review points to the fact
that reporting asymmetry data as means
and standard deviations masks the indi-
vidual asymmetries of participants.
Thus, the presentation of the data in this
fashion is not as beneficial to the prac-
titioner when trying to understand the
extent to which limb asymmetry affects
the individual athlete.

RELATIONSHIP TO
PERFORMANCE

Due to the similarity in vector of force
application between hop tests and

sprints, some researchers have investi-
gated the relationships between the 2
modes of propulsion. Three studies
(5,11,12) examined the relationship
between triple hop distance and short
(10-20 m) sprint performances, with
some variability observed between
these studies (r = 0.24-0.89). A very
large correlation (r = —0.86) between
jump distance and 20 m sprint time was
reported in recreational male athletes
(12). Similar correlations (r = —0.84
to —0.89) were observed for trained
sprinters (5). However, in another study
using highly trained sprinters much
lower correlations (r = —0.24) were
observed between jump distance and
10 m block start sprint times (11). It is
difficult to explain the disparity between
the results of the latter 2 studies, how-
ever, the smaller sample size (z = 10)
and homogeneity of the sample used by
Maulder and Cronin (12) might have
influenced the magnitude of the corre-
lation. Further research is needed to
determine the relationship between
the triple hop and sprint performance,
and it would be interesting to quantify
the triple hop test by other means than
simply distance hopped.

The same researchers have also investi-
gated the relationship between short
sprints and jumping ability. For recrea-
tionally active males, countermovement
jump (CM]J) height was found to be sig-
nificantly related to 20 m sprint times
(r = —0.73) (12). Among highly trained
sprinters (5), though, no significant cor-
relations were reported between sprint
times and CM]J height. Maulder et al.
(11) reported that highly trained sprint-
ers’ average and peak power output dur-
ing the take-off phase of CM] were
significantly related to sprint times
(r = —0.79 and r = 0.77, respectively),
however, jump height from a CM]J was
not (r = —0.13). The somewhat mixed
findings may indicate that CM] jump
height is not the most appropriate mea-
sure to relate to performance and that
the triple hop tests may be better pre-
dictors of sprint performance given the
magnitude of the relationships. Intui-
tively, this would make sense given the
unilateral and cyclic co-ordination

patterns involved in the horizontal hop-
ping task. In addition, a 5-step jump test
was reported to have very large correla-
tion with 40 m sprint time, whereas the
vertical jump only had moderate corre-
lations (r = —0.810; r = —0.464, respec-
tively) (17). This further lends evidence
to the fact that forward propulsion tests
are more related to sprinting ability than
vertical jumping.

The relationships between hop distance
and CM]J height have also been investi-
gated. Of interest is the degree of shared
variance and if either provides differen-
tial diagnostic information. Among rec-
reational male athletes and mixed sex
active adults, very large correlations
were reported (r = 0.83-0.86) as pertain-
ing to the triple hop (8,15). The only
researchers (18) to examine quintuple
hop distances and their relation to
CM]J, did not report jump height. The
study did report though that quintuple
hop distances were correlated with both
CM] peak and average force (r = 0.63,
r = 0.53, respectively). Future research
should investigate whether the reported
shared variance between triple hop dis-
tance and CM]J height depends on sex
and athletic level. Furthermore, the rela-
tion between quintuple hop distance
and CM]J height needs to be investigated
and looked at in relation to triple hops.

Finally, researchers investigated the re-
lations between hop tests and muscle
torques at different velocities. Very large
correlations between triple hop distan-
ces and quadriceps and hamstring tor-
ques at 60 and 180°/s (r = 0.70-0.77)
have been reported (6). However,
because the results of both female and
males were combined, these correlations
may be artificially inflated. Researchers
investigating males only (21) reported
much lower values at muscle torques
of 60, 180 and 300°/s (r = 0.01-0.48).
Similarly, correlations of —0.147 with
0.573 have been reported between the
quintuple hop and muscle torques at 60
and 240°/s for female athletes (18).
Research findings in this area seem to
be mixed in regard to the relationship
between field tests and isokinetic mus-
cular strength assessments. It is quite
likely that single joint isokinetic motion
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has very different demands to ballistic
multijoint movement, which may in
part explain the mixed research findings.

PRACTICAL CONSIDERATIONS
Practitioners must be cognizant of
a few testing variables so as to choose
the most appropriate protocol in the
context of their athlete evaluation.

HOPPING TECHNIQUE

Test administrators are presented with
differing hopping protocols in the litera-
ture, which cannot be directly compared.
For example, 3 studies (5,11,12) pre-
vented participants from aiding their
hopping with their arms by placing the
hands on the hips during the trials. Con-
versely, several researchers allowed and/
or encouraged arm swing during the
hops (6,1620,21). The effect of using
an arm swing has been documented in
regard to vertical jumping (9,10). It was
shown that such a strategy increased
both the height and velocity of the jump-
er’s center of mass at takeoff and led to
a higher jump height (+19%) (9). This
advantage is conferred to a greater
degree during maximum effort jumps. It
would be expected that arm swing would
also allow participants to hop a greater
distance, therefore making comparisons
between data collected with and without
arm swing difficult. Nevertheless, hop-
ping with the contribution of the upper
limbs is a more functional movement
pattern (face and logical validity) and it
would be reasonable to think that such
a movement pattern may better transfer
to other athletic activities in which lower
and upper limbs move in synergy with
each other (e.g, sprinting).

Another factor to consider is the land-
ing from the last hop. A variety of
landing instructions may be found in
the literature, ranging from 2 feet
(5,11,12,18), to one foot (6,20,21), to
maintaining balance on one foot (16).
Whether an athlete has to land on one
or 2 feet and whether balance has to be
maintained on landing may change the
distance one can hop. This could have
to do with the fact that on landing,
a wider base of support offered by 2
feet will increase the likelihood of the
participant maintaining their position

without falling, which otherwise would
render the hop invalid. Furthermore, it
was shown that unilateral landing, dur-
ing a vertical jump, increased knee val-
gus and demonstrated other differences
in knee kinematics as well as EMG of
muscles crossing the knee joint as com-
pared with bilateral landing (19). These
differences were accentuated among
female participants. Thus a unilateral
landing may force participants to curb
their hopping performance to limit
ground contact forces, which may cause
injury on landing. Thus these variations
in technique make for poor compari-
sons between differently administered
testing protocols.

NOMENCLATURE

The literature contains a variety of no-
menclatures relating to the hopping
leg. Studies looking at sprinters (5,11)
used a clear descriptive nomenclature
with the terms front and back block
legs. However, other authors used the
terminology of dominant and non-
dominant legs. The leg used for kicking
was assumed to be the dominant leg in
some protocols (3,12,16,21), whereas
one study (6) chose to call the stance
leg during a kick the dominant leg.
Thus practitioners must be clear on
their own terminology so as to be able
to make appropriate comparisons with
testing norms found in the literature.

PRACTICAL APPLICATIONS

As a result of the above raised issues it
is advised that a consensus be reached
on the protocol to be used for the tri-
ple and quintuple hops so as to create
a uniformity in hopping technique.
This would enable the establishment
of valid norms for specific populations
and that appropriate cross-study com-
parisons can be carried out.

Taking the above-mentioned consider-
ations into account, the authors sug-
gest the following guidelines for
future triple and quintuple hop proto-
cols in healthy populations.

e No arm swing (hand on hips) if the
propulsive ability of the legs needs to
be determined, however, if relating
to functional performance then per-
mit arm swing

e Bilateral support on final landing if
testing in relation to maximum effort
performance, prioritize unilateral
landing if single leg static stability
is deemed important

e Nominate the preferred hopping leg
as the dominant one

Improved standardization of the triple
and quintuple hops may help increase
their specificity and potential utility for
strength and conditioning coaches,
though prospective studies of athletes
monitored with hop tests are needed to
confirm the hypothesized utility of these
tests. The triple hop test has been found
to be a reliable assessment, whereas the
quintuple hop assessment needs further
research to determine its validity, reliabil-
ity, and sensitivity. Triple hop distance
seems to be related to sprinting and ver-
tical jump performance, whereas the
relation of quintuple hops to other per-
formance parameters needs additional
research. Both tests would benefit from
metrics other than hop distance, to bet-
ter understand their relationship to other
performance markers and  possibly
enhance their diagnostic value.

CONCLUSION

Triple and quintuple hops seem to be
of diagnostic value when assessing
cyclic horizontal propulsion. Hop dis-
tance likely depends on the hopping
protocol used (propulsion and landing
mechanics) and thus great care must
be taken when comparing the results
obtained with normative data con-
tained in the literature. Consequently,
a standardized triple and quintuple
hop protocol would be of great benefit
to researchers and practitioners alike.

Triple hop tests have been found to
have excellent reliability among unin-
jured adults, with females potentially
showing greater movement variability.
Female only data on the triple hop is
scarce, thus future research focusing
on this population is warranted. Addi-
tionally, the quintuple hop is a test that
for all intents and purposes has under-
gone little scrutiny and therefore
would benefit from a great deal of
research focus, for example determin-
ing validity, reliability, and sensitivity.
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Appendix IV: Participant Information Sheet (NIFS English)

(Research subject name)

Multiple hop testing: the diagnostic value to athlete profiling
Abstract of the research

1. This research aims to examine the multiple hop jump testing can be used to
athlete profiling and how reliable it is.

2. We will measure 50m sprints, single leg triple hops and quintuple hops.

3. We will use force plates and inertial sensors attached at the sacrum and
tibias. We also record them with video cameras.

4. We will have a practice for multiple hops before measurements. We also ask
you to have particular worm—up to prevent injury.

5. If you have any question about the measurement or research please do not
hesitate to ask us. You can suspend the measurement anytime. Please let us
know when you want to do so.

6. You may not answer the question(s) if you do not want to answer the
question(s).

7. Privacy of participants will be protected. The data will be used as
anonymized.

8. This project is carried out by NIFS and AUT as a collaborative research.

Principal investigator:
Tomohito Wada
Associate professor, Information Technology Center for Sports Sciences,
National Institute of Fitness and Sports in Kanoya

Contact: 0994 (46)4941, wada@nifs—k.ac. j
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Research collaboration agreement

(Principal investigator)
Tomohito Wada
Associate professor, Information Technology Center for Sports Sciences

National Institute of Fitness and Sports in Kanoya

(Research subject name)

Multiple hop testing: the diagnostic value to athlete profiling

I got an adequate and sufficient explanation about the research. I understood
the purpose of the research, the human rights protection for the participants
the safety of research and I agree to participate to this research as

participant.

Name :

Address :

Phone number :

(Date) / /

In case of the minority

Signature of guardian :

(Date) / /
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Appendix V: Participant Information Sheet (NIFS Japanese)
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Appendix VI: Rater Information Sheet for Multiple Hop Kinovea Analysis

*YOU WILL REQUIRE A ROTATING MONITOR IN ORDER TO COMPLETE THIS ANALYSIS - THE PHILIPS
MONITORS IN THE POSTGRAD ROOMS ARE SUITABLE

1. Firstly, download Kinovea video analysis software for free at
https://www.kinovea.org/en/downloads/ and install on your computer.

2. Open up Kinovea and locate ‘Open Video File’ icon.

3. Locate ‘Subject 2” folder, then ‘29.01.2018’, then open first file that is in the spreadsheet called
‘120_02_033.MOV'.

4. Locate the ‘Green light on’ position that is on the spreadsheet which is position frame 951 for the
first trial, this will bring you close to the start of the trial.

5. A number of key events then need to be identified for ‘toe off’ and ‘heel strike’ for each hop. The
nearest frame to the key events should be identified and the magnifying tool (2.5X) can be used for
this if needed. Each video will only be either a left or right foot hops plus the last double foot
landing.

(a) Toe off —the first frame where the foot is no longer in touch with the ground.

eatouy @

dPH swondo oo oIBIA oW MIA W

236



(b) Heel strike — the first frame where the foot is clearly in touch with the ground.

6. Repeat for all hops and enter frame numbers in the spreadsheet.
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Appendix VII: Chapter 6 Supplementary Tables

Table S1. TH and QH kinematics descriptive data

TH Mean £ SD QH Mean £ SD
Variable DOM NDOM p DOM NDOM P
Flight Time
Hop 1 0.283 £ 0.029 0.280 +0.033 0.335 0.276 +0.033 0.278 +£0.032 0.359
Hop 2 0.331+0.045 0.333+£0.048 0.433 0.318 £ 0.046 0.320+0.050 0.593
Hop 3 0.442 +0.038 0.454 +0.035 0.002* 0.331+0.041 0.337 £0.046 0.160
Hop 4 0.344 +0.049 0.350+0.048 0.069
Hop 5 0.452 +0.051 0.459 + 0.050 0.084
Ground Contact Time
Hops 1-2 0.287 +0.036 0.283 +0.030 0.313 0.277 £0.029 0.277 £0.032 0.935
Hops 2-3 0.263 +0.030 0.260 +0.032 0.312 0.248 +£0.028 0.246 +0.029 0.531
Hops 3-4 0.240+0.029 0.242 +0.030 0.420
Hops 4-5 0.245+0.031 0.242 +0.032 0.244
Hops Times
Hops 1-2 0.611+0.050 0.612 +0.048 0.959 0.593 +0.053 0.596 + 0.054 0.581
Hops 2-3 0.697 +0.040 0.708 +0.030 0.012* 0.571+0.045 0.575+0.048 0.405
Hop 3-4 0.579 +0.046 0.588 +0.035 0.070
Hop 4-5 0.689 +0.055 0.699 +0.041 0.175
Total Hop Time 1.59+0.104 1.60 +0.103 0.731 2.73+0.161 2.73+0.184 0.168
Hop Distance
Hop 1 1.69+0.157 1.69 +0.155 0.909 1.64+0.161 1.65+0.161 0.052
Hop 2 2.05+0.211 2.06 +0.200 0.523 2.00+0.187 1.99 +0.162 0.975
Hop 3 2.75+0.304 2.75+0.295 0.850 2.23+0.202 2.24+0.201 0.636
Hop 4 2.34+0.288 2.34+0.278 0.990
Hop 5 2.89+0.391 2.87 £0.373 0.515
Total Hop Distance 6.44 +0.604 6.45 +0.590 0.731 11.1+1.03 11.1+0.977 0.727
Reactive Strength Index
Hops 1-2 7.23+1.44 7.29+1.37 0.439 7.27+1.24 7.34+1.39 0.474
Hops 2-3 10.6 +2.03 10.6+2.12 0.671 8.97 +1.64 9.10+1.69 0.269
Hops 3-4 9.97 £2.04 9.93+2.13 0.774
Hops 4-5 12.2+2.85 12.2+2.85 0.976
Total RSlhor 11.9+2.13 11.9+2.14 0.484 11.1+2.09 11.2+2.19 0.464

Key: SD = Standard Deviation; Time variables = seconds; Distance variables = meters; RSI = m.s-1; * significant
difference between limbs p<0.05
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Table S2. TH and QH kinetics descriptive data

TH Mean = SD QH Mean = SD
Variable DOM NDOM P DOM NDOM p
Maximal Vertical Force
Hops 1-2 32.7+5.01 31.5+4.66 0.102 31.2+3.79 31.5+4.56 0.856
Hops 2-3 40.7 £ 6.40 41.0+8.28 0.724 40.0+8.11 40.9+9.14 0.477
Hops 3-4 45.0+10.0 45.1+9.21 0.739
Hops 4-5 50.1+11.3 51.8+13.2 0.491
Vertical Braking
Impulse
Hops 1-2 1.35+0.634 1.27 £ 0.646 0.387 1.10+0.641 0.992 + 0.682 0.455
Hops 2-3 2.55+0.514 2.66 +0.544 0.255 2.06+0.431 2.03+0.486 0.722
Hops 3-4 2.74 £ 0.469 2.86+0.431 0.169
Hops 4-5 3.51+0.672 3.54 + 0.587 0.483
Vertical Propulsive
Impulse
Hops 1-2 4.35+0.415 4.39+£0.453 0.609 4.42 +0.488 4.56 £0.377 0.118
Hops 2-3 3.31+0.557 3.29+0.567 0.781 3.52+0.324 3.53+0.397 0.630
Hops 3-4 2.82+0.329 2.89+0.325 0.468
Hops 4-5 2.44 + 0.504 2.35+0.654 0.286
Horizontal Braking
Impulse
Hops 1-2 -0.051+£0.034 -0.051+0.032 0.964 -0.029 £ 0.019 -0.034 +£0.025 0.091
Hops 2-3 -0.193 £ 0.052 -0.196 £0.073 0.826 -0.118 £ 0.050 -0.114 £0.051 0.667
Hops 3-4 -0.264 £ 0.050 -0.256 £ 0.076 0.410
Hops 4-5 -0.408 £ 0.125 -0.407 £0.123 0.594
Horizontal Propulsive
Impulse
Hops 1-2 0.767 £ 0.149 0.745+0.140 0.188 0.833+0.130 0.814+0.161 0.459
Hops 2-3 0.527+0.122 0.464 +0.102 <0.001t 0.599 + 0.086 0.575+0.099 0.098
Hops 3-4 0.459 + 0.085 0.432+0.078 0.040*
Hops 4-5 0.370+0.122 0.313+0.086 0.002*

Key: SD = Standard Deviation; Force variables = Ns.kg; Impulse variables = Ns.kg; * significant difference between

limbs p<0.05; t significant difference between limbs p<0.001
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Appendix VIII: Supplementary Material for Chapter 7

Sprint Test Protocol Instructions
1. Warm-Up Protocol
Before beginning sprint testing, all subjects must complete the following warm-up sequence to
ensure safety and consistency:
a) Light aerobic activity to raise core body temperature (e.g., jogging, skipping)
b) Dynamic flexibility exercises — lunges x 10, squats x 10, hamstring walks x 10, ankle hops x
10 (walk back recovery)
c) High knee skips with arm swings, horizontal bounds x 5, alternate bounds x 10 (walk back
recovery)
d) 4 x 30 m sprints at 60, 80, 90, 100% (slow walk back recovery)
2. Test Procedure
a) The subject completes 3 x maximal sprint efforts over 50 m from a standing start position
b) The subject starts the sprint in their own time
3. Rest Period
Allow a minimum 5-minute rest between test efforts to ensure recovery and consistent

performance.
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Appendix IX: Supplementary Material for Chapter 8

Standardised Multiple Hop Test Protocol Instructions
1. Warm-Up Protocol
Before beginning any testing, all subjects must complete the following warm-up sequence to ensure
safety and consistency:
e) Dynamic flexibility exercises
f) Upper limb dynamic stretches
g) Lower limb dynamic stretches
h) General movement
i) Light aerobic activity to raise core body temperature (e.g., jogging, skipping)
j) Explosive movement preparation: Perform progressive bounding exercises to mimic the
explosive nature of the hopping tests
2. Test Description and Procedure
TH Test: The subject performs three consecutive hops on the same leg.
QH Test: The subject performs five consecutive hops on the same leg.
c) The subject begins each trial balanced on one leg (the hopping leg).
d) On command, the subject hops forward the required number of times (3 or 5 hops), using
only the same leg for all hops (Fig 6).
e) After the final hop, the subject must land with both feet.
f) Use of the arms during hopping is allowed to replicate natural athletic movement patterns.
g) Subjects are permitted to touch the ground with their hands after landing, provided the
hopping foot does not advance further forward during or after the landing. This ensures that
the maximum horizontal distance achieved is accurately recorded.

h) The objective is to "reach the furthest horizontal distance in the shortest possible time."
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3. Rest Period
Allow a 2-minute rest between test efforts on each leg to ensure recovery and consistent

performance.
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Appendix X: Chapter Abstracts

Chapter 2. Using Smartphones for Jump Diagnostics: A Brief Review of the Validity and Reliability
of the My Jump App.

Jumping and hopping based tests can provide valuable insight into an athlete’s proficiency in ballistic
sporting movements like sprinting or change of direction. Capture and analysis of this are usually
expensive, and laboratory based. Recent advancements in integrated smartphone video technology
from the commercial space has led to an increase in their utility for sports performance and could
be extremely useful to the strength and conditioning coach, but the accuracy and sensitivity of these
are largely undetermined. This brief review discusses the accuracy of a smartphone video

application called My Jump and its validity and reliability for jump-based diagnostics.

Chapter 3. Videographic Variability of Triple and Quintuple Horizontal Hop Performance
Context: Horizontal hops can provide insight into how athletes can tolerate high-intensity single-leg
stretch loads and are commonly used in athlete monitoring and injury management. Variables like
flight, contact, and total time provide valuable diagnostic information to sports science
professionals. However, gold-standard assessment tools (e.g., 3-D motion-capture, force-plates)
require monetary and technological resources. Therefore, we used a tablet and free software to
determine the between-rater, within-rater, and test-retest variability of the temporal events of
multiple horizontal hop tests.

Design: Reliability study.

Methods: Nine healthy males (20.8 + 1.3 years, 71.4 + 9.8 kg, 171.7 + 4.5 cm) across various
university sports teams and clubs volunteered and performed several TH and QH horizontal hops

over three testing sessions. Six raters detected temporal events from video to determine between-
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rater variability, while a single rater quantified within-session and test re-test variability. The
temporal variables of flight-time, and ground contact time for each individual hop, and the total
time of each hoping series were determined. The consistency of measures was interpreted using
the CVs and ICCs.

Results: Good to excellent between-rater consistency was observed for all hops (ICC = 0.85-1.00).
Absolute (CV < 2.0%) and relative consistency (ICC = 0.98-1.00) were excellent. Test re-test
variability showed acceptable levels of absolute consistency (CV < 8.7%) and good to excellent
consistency in 10/16 variables (ICC = 0.81-0.93), especially those later in the hopping cycle.
Conclusions: A tablet and free digitizing software are reliable in detecting temporal events during
multiple horizontal hops, which could have exciting implications for power diagnostics and RTS
decisions. Therefore, rehabilitation and performance professionals can confidently utilise the highly

accessible equipment from this study to track multiple hop performances.

Chapter 4. Comparison of Multiple Hop Test Kinematics Between Force-Platforms and Video
Footage: A Cross-Sectional Study

Background: Multiple hop performances have been assessed using force-platforms and motion-
capture cameras. However, the accessibility of these technologies might be a hindering factor for
many performance coaches. Currently, tablet devices are being used as alternatives to measure
jumping and hopping performances.

Objective: This study aimed to compare multiple hop kinematics using the Kinovea application with
force-platforms, the gold standard.

Methods: Using an observational cross-sectional study design, male athletes (n = 44; age 20.1+ 1.4

years) completed TH and QH on force-platforms while being filmed using an iPad. Ground contact

244



time, flight time and total time were analysed using Kinovea and compared with the force platform
data.

Results: Statistical analysis showed a high level of agreement across all variables of interest but
significant differences (flight time; -2.14 to -5.96 %, ground contact time; 4.89 to 5.83 %, total time;
-0.37 to -0.58%) were observed across all variables of interest. A systematic bias for flight and
ground contact times were seen for TH and QH.

Conclusion: The use of iPad and Kinovea application can be used as a valid alternative to measure
multiple hop kinematics when performance coaches do not have access to expensive force-

platforms or motion-capture cameras.

Chapter 5. Stretch-Load Demands of Multiple Hops: Implications for Athletic Performance and
Rehabilitation

Purpose: This study aimed to quantify the kinetic demands of multiple hops in series, a common
exercise in athletic training and assessment. Focus was placed on comparing the demands of a QH
task to a TH task, particularly focusing on any incremental stretch-load demands.

Methods: Forty-four male university athletes completed the hopping tasks across track-embedded
force platforms to measure braking and propulsion kinetics.

Results: Statistical analysis revealed significant increases in maximal vertical forces and vertical
and horizontal braking forces (p < 0.001) for both TH and QH tasks across steps. The last two hops
of the QH task showed notably higher stretch-load demands than initial hops.

Conclusion: The findings highlight the biomechanical, stretch-load aspects of these exercises,
which can help practitioners better prescribe and programme hops for injury prevention,

rehabilitation, and performance enhancement.
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Chapter 6. Do Outcome or Movement Strategy Variables Provide Better Insights into Asymmetries
During Multiple Hops?

Multiple hops performed horizontally in series effectively assess RTS readiness, as they mimic the
propulsive and decelerative demands of sports. Movement strategy variables (kinetic variables)
offer more insight into injury recovery than outcome-based measures (kinematic variables) like hop
distance alone. This study focused on kinematic and kinetic variables to assess asymmetries during
TH and QH tests with forty-four male athletes from university sports clubs and teams. The aim was
to determine the magnitude and potential direction of asymmetry and compare the sensitivity of
kinematic and kinetic variables. Results showed mean kinematic asymmetries below 7.1% (range:
0.00 to 28.9%), while average kinetic asymmetries were as high as 38.8% (range: 0.0% to 95.4%).
These findings suggest that kinetic variables are more sensitive in assessing movement strategy,
providing more detailed insight into rehabilitation and RTS decisions. The study emphasizes the
importance of considering both outcome and movement strategy variables in injury recovery. These
results have practical applications for clinicians and coaches supporting those in RTS scenarios, as
well as those addressing performance deficits, therefore offering valuable information to refine

exercise prescriptions and athletic program design.

Chapter 7. Using Multiple Hop Assessments and Reactive Strength Indices to Differentiate
Sprinting Performance in Sportsmen

Multiple hop tests are commonly used in both performance and rehabilitation settings to assess
neuromuscular function. This study aimed to explore the relationship between hop performance
and sprint ability. Specifically, it focused on three goals: (1) examining the connection between TH

and QH distances and sprint performance and comparing the strength of relationship between hop
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kinetics and sprint times; (2) investigating two methods of calculating the TH and QH reactive RSlhor
and their relationship to sprinting; and (3) assessing whether hop ratios or kinetic variables could
distinguish sprinters of varying abilities. Forty-four male sportsmen participated, completing TH and
QH tests and sprint times (5 m to 45 m) over 54x inground force platforms. GRFs were collected
during hop trials and horizontal and vertical hop propulsive and braking kinetics were determined.
Results showed strong negative correlations between hop distances and sprint times (r = -0.700 to
-0.796), while kinetic variables showed weaker relationships with sprint performance (r = -0.554 to
0.017). RSlhor, derived from hop distance, correlated more strongly with sprint performance than
RSlhor from flight time. Hop ratios (QH/TH) did not differentiate fast from slow sprinters, and
maximal vertical force and horizontal propulsive impulse were the best predictors of 10 m and 40
m sprint times. These findings suggest that hop distance and RSlnhor are valuable tools for assessing

sprint performance and reactive strength.

Chapter 8. Masterclass: Are You Getting the Most Out of Your Triple Hop Testing?

The TH test is a widely used, practical tool that allows physical therapists to assess an athlete’s RTS
following injury. However, recent consensus statements have raised concerns that hop distance
alone may be insufficient to capture the complexity of functional recovery or to fully assess inter-
limb symmetry, potentially masking readiness and increasing the risk of re-injury. In this
Masterclass, exemplar kinetic and kinematic data for the TH are detailed; the utility of the QH
introduced; the distinction between outcome and movement strategy variables discussed within an
asymmetry context; and, the integration of accessible, cost-effective technologies within a tier-
based framework for RTS assessment outlined. The ultimate aim of the article is to enhance the
evaluation of movement strategies and support clinicians in making more informed and confident

RTS decisions.
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Chapter 9. Optimising Multiple Hop Testing: Practical Insights and Performance Implications in
Physical Assessment and Training Design

Multiple hop assessments, such as the TH and QH for distance, are widely used to evaluate lower
limb cyclic force production and inter-limb asymmetry, which help inform both performance and
RTS decisions. However, hop distance alone may not fully reflect the underlying biomechanical
integrity of movement, as it is influenced by various biomechanical components including joint
kinematics, kinetics, neuromuscular control, and inter-segmental coordination. This ‘new
perspectives’ article aims to: highlight the limitations of using hop distance as the sole measure;
emphasise the importance of considering joint-specific contributions during propulsion and braking
phases using exemplar data; outline the differences to consider when choosing a TH versus a QH;
and discuss the integration of accessible, cost-effective technologies within a tier-based framework
for athletic assessment. The ultimate aim of the article is to enhance the evaluation of movement

strategies and support strength and conditioning coaches in making more informed and confident

programming decisions.
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