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Abstract

Velocity-based training (VBT) has gained widespread adoption in resistance training for real-time assessment of barbell
kinematics. Smartphone-based VBT applications have emerged as low-cost alternatives to gold-standard devices, offering
portability, minimal setup, and accessible interfaces. Despite increasing adoption, there remains no synthesis of measure-
ment performance. This systematic review assessed the reliability and validity of six commercially available smartphone-
based VBT applications for measuring barbell velocity and displacement. Following PRISMA guidelines, systematic
searches of PubMed, SCOPUS, and SPORTDiscus identified 194 articles, with 18 meeting inclusion criteria. Four applica-
tions (iLoad, Metric, My Jump Lab, WL Analysis) demonstrated acceptable validity (r >0.70; CV < 10%; ES <0.60). Two
applications (Metric, My Jump Lab) demonstrated acceptable reliability (ICC >0.900; CV < 10%; ES < 0.60), though per-
formance fell below research-level thresholds (ICC: >0.997; CV: <3.5%). Measurement performance varied across appli-
cations, exercises, and loading conditions, with smartphone applications demonstrating lower validity and reliability than
established VBT devices. Current smartphone-based VBT applications appear suitable for recreational and field-based
applied settings, though not high-precision research contexts. Practitioners should evaluate measurement performance
specific to their training context and account for inherent measurement error. Future research should assess continued
application updates across different training contexts and hardware/software configurations.
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Introduction device’s accuracy in measuring an intended variable against
a ‘gold-standard’ criterion®; more specifically, concurrent

Velocity-based training (VBT) has been widely adopted by validity refers to the strength of agreement between two

strength and conditioning practitioners as a method for pre-
scribing resistance training intensities." VBT measures bar-
bell velocity in real-time, enabling practitioners to guide
load selection based on an athlete’s maximal movement Reviewers: Amandio Dias (Egas Moniz School of Health & Science,
velocity.'™ This dynamic approach accounts for daily fluc- Portugal)
tuations in neuromuscular performance, improving pre- Tusyoshi Nagatani (Edith Cowan University, Australia)
scription precision whilst reducing the risk of under- or Francesco Travascio (University of Miami, USA)
over-training.4 Recent advances in field-based kinematic 'Sport Performance Research Institute New Zealand (SPRINZ), Auckland
technologies have increased VBT accessibility; however,  University of Technology (AUT), Rosedale, Auckland, New Zealand
the measurement performance of these emerging tools
remain unsynthesised, creating uncertainty for practitioners )
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devices measuring the same variable simultaneously.
Reliability, however, indicates measurement consistency
under unchanged conditions, either measured within the
same device (intra-device) or between devices of the same
model (inter-device).” Gold-standard VBT technologies
such as three-dimensional motion capture (3DMoCap), linear
position transducers (LPTs), and linear velocity transducers
(LVTs) demonstrate excellent reliability and validity.®
However, these technologies are prohibitively expensive and
require technical expertise and laboratory infrastructure, limit-
ing accessibility for many practitioners in applied settings.

Advances in field-based kinematic technologies have
enabled smartphone-based VBT applications to emerge as
accessible alternatives to traditional devices. Modern smart-
phones possess high-resolution cameras (>240 fps on many
devices) and image processing capabilities that enable mar-
kerless motion tracking.® Several commercially available
applications claim to assess barbell kinematics with suffi-
cient precision, typically at no cost or less than NZ$100
annually (Table 1). These applications offer practical
advantages including portability, minimal setup require-
ments, and accessible interfaces for practitioners with lim-
ited technical expertise. Whilst their accessibility has
driven widespread adoption, questions remain regarding
the reliability and validity of these tools.

Although individual validation studies have emerged,’”
26 findings vary considerably. This heterogeneity creates
practical challenges: practitioners cannot confidently deter-
mine which applications provide acceptable measurement
performance for their training context, nor understand the
technical limitations that influence accuracy. Without clear
guidance, practitioners’ risk suboptimal implementation
that could compromise training outcomes. A systematic
review is therefore warranted to synthesise current evidence
and provide practical recommendations for implementation
across research and applied contexts.

This systematic review aimed to (1) assess the concur-
rent validity and reliability of commercially available
smartphone-based VBT applications for measuring barbell
velocity and displacement, and (2) provide practical imple-
mentation guidance and recommendations for future
research and practice. The primary research question is:
What is the concurrent validity and reliability of commer-
cially available smartphone-based VBT applications for
measuring barbell velocity and displacement, and what con-
siderations guide their implementation in applied settings?

Methods

This systematic review was conducted in accordance with
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines.?” Due to constraints
related to the primary researcher’s dissertation timeline, all
screening, data extraction, and quality assessments were
conducted by a single author (NP).

Search strategy

Literature searches were conducted across three electronic
databases (PubMed, SCOPUS, and SPORTDiscus) from
inception to May 2025, with all fields searched. Within
each concept, terms were combined using the Boolean oper-
ator OR, and concepts were subsequently combined using
AND. The complete search strategy is detailed in Table 2.

Selection criteria

Studies were eligible for inclusion if they: (1) were original,
peer-reviewed research published in English; and (2)
assessed the validity and/or reliability of commercially
available smartphone-based VBT applications for measur-
ing barbell velocity and/or displacement. Studies were
excluded if they: (1) lacked assessment against established
criterion measures (i.e., LPT, LVT, or 3DMoCap); (2) pro-
vided no statistical reporting of validity and/or reliability
outcomes; (3) were not commercially available; or (4)
required supplementary hardware or software beyond
standard tripods or mounts.

Selection process

Titles, abstracts, and full-text articles were screened against
eligibility criteria. Reference lists of included studies were
manually searched for additional eligible articles.

Data extraction

Following full-text retrieval, data pertaining to study char-
acteristics, application details, criterion measures, exercise
protocols, training intensities, velocity measures, and valid-
ity/reliability outcomes were extracted and collated in
Microsoft Word (Microsoft Corporation, Redmond, WA,
USA).

Quality assessment

Study quality was assessed via a modified version of the
Downs and Black checklist®® (supplementary materials).
The original 27-item checklist was developed for rando-
mised and non-randomised healthcare intervention stud-
ies,”® but has since been used in systematic reviews
within sport science.®*° We selected 9 items (original items
1,2,3,6,7,10, 16, 18, and 20) relevant to the assessment of
reliability and validity studies. Items relating to intervention
delivery, randomisation, blinding, and adverse events were
excluded as they are not applicable to observational meas-
urement studies. Scoring and interpretation followed the
approach employed by Weakley and colleagues,® with
each item scored as 0 (not reported/unable to determine)
or 1 (clearly reported), totalling a maximum score of
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Table 1. Current smartphone-based VBT applications. Costs reported annually in NZD.

Apps ILoad Iron path Metric My jump lab QwikVBT WL analysis
Status Unknown Active Active Active Active Active
Platform Unknown 10S 10S/(Android 10S/Android I0S/Android  IOS/Android
coming)
Basic cost Unknown Free Free $59.99 Free Free
Premium Unknown Athlete $99.99  Athlete $99.99 NA NA $14.99 (one-off)
cost Coach $279.99
Premium Unknown Unknown Historical data; Other non-VBT tools NA Data storage;
features additional additional
measures analysis tools
Validated Squat; bench Squat; deadlift Squat; bench press; Squat; bench press; Squat; bench Snatch; clean
Exercises press deadlift deadlift; hip thrust; press;
Bulgarian split squat deadlift
Validated Mean velocity; Mean velocity; Mean velocity; Mean velocity; mean ~ Mean velocity Peak velocity
measures total displacement displacement; peak power; peak
workload velocity velocity

9. Subsequent scores were classified as ‘good’ (> 7), ‘mod-
erate’ (4—6), or ‘poor’ (< 3).°

Formal reliability and validity appraisal

Applications were formally appraised against three criteria:
one for validity (acceptable) and two for reliability (accept-
able and research-level). These thresholds were established
in alignment with previous research assessing velocity-
based®?2%32 and other resistance training devices.**=*
Acceptable validity required: correlation coefficient (r>
0.70), coefficient of variation (CV <10%), or trivial to
small effect size (ES <0.60; based on a modified effect
size scale®). Acceptable reliability required: intraclass cor-
relation coefficient (ICC > 0.900),>%7 coefficient of vari-
ation (CV <10%), or trivial to small effect size (ES <
0.60°%). However, because velocity trackers are used to
assess neuromuscular performance,*® guide load prescrip-
tion,* and track strength adaptations,® higher reliability is
essential for research contexts.”** Research-level reliability
therefore required: ICC >0.997 and CV <3.5%. These cri-
teria were included to contextualise measurement

Table 2. Complete search strategy for electronic databases.

Steps Search terms

#l “velocity-based training” OR “VBT” OR “mean concentric
velocity” OR “movement velocity” OR “barbell
velocity” OR “load-velocity”

#2 “smartphone” OR “mobile” OR “app” OR “application”
OR “iPhone” OR “Android”

#3 “validity” OR “reliability” OR *“accuracy” OR “precision”

OR “agreement” OR “reproducibility” OR “validation”

performance across use cases, not to imply that smartphone-
based applications are designed to meet laboratory-grade
standards.

Data synthesis

Extracted data were presented in tabular form and narra-
tively synthesised. Studies that lacked compatible statistical
reporting for validity (r, CV, or ES)'*!'*'>!'7 or reliability
(ICC, CV, or ES)** were excluded from the formal appraisal
criteria only, but retained in both the tables and narrative
synthesis to ensure comprehensive coverage of all commer-
cially available smartphone-based VBT applications.

Due to substantial heterogeneity in outcome reporting,
formal meta-analysis was inappropriate; available statistics
were instead pooled descriptively by application. These
estimates are exploratory and should not be used to rank
or compare applications.

Results

Literature search

The study selection process is summarised in Figure 1. The
systematic search yielded 194 records across all electronic
databases. Following duplicate removal (57 excluded),
137 titles and abstracts underwent screening, with 117
excluded due to irrelevance. No language-based exclusions
were applied. Full-text assessment of 20 articles resulted in
13 studies meeting inclusion criteria. Reference list screen-
ing identified 3 additional eligible articles, totalling 16
included studies. During peer review, 2 recently published
studies?** identified by reviewers were assessed and met
inclusion criteria, yielding a final sample of 18 studies.
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Figure I. Literature search: PRISMA flowchart.

Quality assessment

Quality assessments are summarised in Table 3. All 18 stud-
ies scored 9 or above (mean=9.61 + 0.54; median = 10.0;
IQR = 0.75), indicating strong methodological rigour
across all included studies.

Study characteristics

Study characteristics are summarised in Table 4. Validity
was assessed in 18 studies, and reliability in 14. The follow-
ing applications were examined: iLoad,'®!" Tron Path,'
MetricVBT,"*~'%2%2% MyLift ***' My Jump Lab,*® ***4,
PowerLift,'>**2° WL Analysis,®® and QwikVBT."
Several of these applications, however, have since
rebranded, and the versions examined in some studies are
now outdated. Specifically, MetricVBT is now Metric,

whilst MyLift and PowerLift are My Jump Lab. After
accounting for these changes, 6 distinct commercially avail-
able applications were assessed across 18 studies (Table 1).

Validity

A summary of studies assessing validity can be found in
Table 5. Six VBT applications (iLoad,'®!'! Iron Path,'”
Metric, 3152025 My Jump Lab,!¥16-1921-2339  wp,
Analysis,”* and QwikVBT'?) were examined across all
studies. Criterion measures included LPTs in eleven stud-
jes 21216182225 a0 3DMoCap in six,!31517:23:2439
Mean velocity was the most assessed measure,”'>!""
232539 followed by displacement,'®!*13-2025 peak vel-
ocity,'®**%> mean power,'® and total workload.'"® The

squat’?® and bench press™!!+13716:19222539 were  the
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Table 3. Quality assessments via the modified downs and black checklist.

Modified downs and black checklist

Study
I 2 3 4 5 6 7 8 9 Total Quality
Balsalobre-Fernandez et al.'® I I | I | I I 0 I 90% Good
Balsalobre-Fernandez et al.?? I I | I | I I 0 I 90% Good
Balsalobre-Fernandez et al.2' I 0 | I | I I I I 90% Good
Chen et al.2? I I | 0 | I I I I 90% Good
Courel-Ibafiez et al.’ I I | I [ I I I I 100% Good
De S4 et al.'® I I | I | I I I I 100% Good
Dias et al.'® I I 0 I | I I I I 90% Good
Kasovic et al.'2 I I | I | I I I I 100% Good
Lemus et al.2* I I | I | I I I I 100% Good
Martinez-Cava et al.'® I I | I | I I I I 100% Good
Pérez-Castilla et al.>’ I I | I | I I I I 100% Good
Pérez-Castilla et al."' I I | I | I I I I 100% Good
Puppyn et al.2° I I | I | I I I I 100% Good
Renner et al.' I I | I | I I I I 100% Good
Sagovac & Bakovi¢?® I I | I | I I I I 100% Good
Taber et al.'* I I | I | 0 I I I 90% Good
Thompson et al.'” I I | I | I I I I 100% Good
Trowell et al.?’ I I | 0 | I I I I 90% Good
Table 4. Characteristics of included studies.
Validity Reliability

iLoad De S4 et al.'o, Pérez-Castilla et al.2' De S4 et al.'o, Pérez-Castilla et al.22
Iron Path Kasovic et al.?’
Metric Puppyn et al.*°, Renner et al.?*, Sagovac & Puppyn et al.*°, Sagovac & Bakovi¢®®, Taber et al.'*

Bakoviézs, Taber et al.'*, Trowell et al.>°
My Jump Lab Balsalobre-Fernandez et al.3', Balsalobre-Fernandez et al.2', Balsalobre-Fernandez et al.'g,

Balsalobre-Fernandez Balsalobre-Fernandez et aI.ZZ, Courel-Ibafiez et a|.9, Dias

et aI."’, Balsalobre-Fernandez et a|.34, Chen et aI.'s, Martinez-Cava et al.'(’, Pérez-Castilla et a|.39,

et al.’2, Courel-Ibafiez et al.’, Dias et al.Z, Thompson et al.'”

Martinez-Cava et al.33, Pérez-Castilla et a|.39,

Renner et al.'3, Thompson et al.!’”
WL Analysis Lemus et al.%* Lemus et al.%*
QwikVBT Renner et al.'?

most assessed exercises, followed by deadlift,"*'*?° whilst
snatch,?* clean,?* hip thrust,'” and Bulgarian split squat®
were examined only once. Free-weight (F/W) exercises
were assessed in eleven studies,'? 1317197222425 4p4
Smith-machine (S/M) exercises in seven.’ '!:16:18.23.39
Loading protocols ranged from 25% to 100% of
one-repetition maximum (1RM).

Reliability

A summary of studies assessing reliability can be found in
Table 6. Four VBT applications (iLoad,'®!'" Metric,'*2%*
9,16-19,21,22,39 . 24
My Jump Lab, and WL Analysis™) were
examined across fourteen studies. Intra-device reliability
was assessed in twelve studies,”!!:!1416-19.21.22.24.25.39
intra-rater in three (i.e., consistency of repeated measure-
ments across manual-input applications),'®!"** and inter-

device in two.”** Mean velocity was the most assessed

measure, ' %1417-2225:2639  followed by  displace-
ment,'*'%2035 peak velocity,'®***> mean power,'® and
total workload.'® The squat’'"'*!62% and bench

9,11,14,16,19-22,25,39
press > 1O 529,

whilst snatch,?* clean,?* deadlift'* and hip thrust!® were

were the most assessed exercises,

examined only once. Free-weight exercises were assessed

14,17,19-22,24.25 and Smith-machine exercises

in eight studies,
in six.”!1161839 1 gading protocols ranged from 25% to
100% of 1RM.

Descriptive pooling of validity and reliability statistics
by VBT application is summarised in Tables 7 and 8.
These estimates are exploratory and should not be used to
rank or compare applications, given disproportionate study
representation, heterogeneous outcome measures, and vari-
able conflicts of interest across the contributing literature.




International Journal of Sports Science & Coaching 0(0)

(ponunuod)

(786'0 ‘658°0) 056°0  (+0'0— ‘6£°0—) 170~ :S3 Apojaa ueay 39S WHOI p.€
(9960 ‘8€£°0) £06°0 4 (100~ ‘6¥°0—) ST0— '$3 A1d0aA uealy 395 YOI puC A
Tl
SO!) s § duoyd
(0860 ‘8€8°0) T¥6°0 4 (€00 €0-) S1°0— 53 Apojaa ueay 395 YO 551 3enbsyeH W/S  (1d1) dwnfouoayd e (0°14) peoT! o B3R ¥2Q
S/W 6°0 SNTS S/W £11°0 :33S 'S/W §T0 2DAS ‘6£6°0
(AN %9°87) S/W STO F AW N1 %967
S fS/W £T°0 03 0T'0— VO (9£6°0 “156°0) ss3.d
9960 DI ‘%L’ I 1 :AD #€6'0 :DDD ‘S/W ' ‘seig A1202A ues)y 3 08-0C youag W/S
S
W 90°0 ‘WIS 'S/W $80°0 :33S S/W £1°0 :DAS ‘0760
WYL %LLT) S/ 210 F FISIN WA | %LLT (€11 son
P31 fs/W 61°0 03 1 1°0— V01 (8960 ‘5€6°0) yenbg 9 auoyd! e
§56°0 “DDI %9°L *AD ‘€16°0 “DDD 'S/w TO0 seig Aojen uesly s3] 08-0C Peg W/S (1A ®2404-1  (0'pA) yrdemog o [E 3 ZoUEQ|-]2Un0D
S/W $0°0 “IVIN ‘020 ‘S3 Aojan uesly WY1 %06
S/W §0°0 :IVIN ‘8170 :S3 Aojan ues) WY | %08
S/W §0°0 “IVIW ‘0T°0 :S3 A1202A uea)y WY | %0
/W 900 “IVIN ‘61°0 :S3 A1d02A uea) WY %09
S/W 900 “IVIN ‘65°0 ‘S3 Ad0jaA uealy WY1 %0§ A
4
1enbg 21dg SO!) T| duoydt
S/W 900 :IVIN ‘T1°0 °$3 Apojea ueayy WY1 %0y  ueuedng /S (deDop@g) uodIA - BIA (900 1A) WA 7832 UdyD
(€40 ‘£9°0-) ¥1°0— 53 Ad0jaA uealy WY I %S0
980 ;4 (860
‘98°0) T6'0 4 'S/W #11°0 ©3 991°0— V0T (TH0
£9°0-) TI'0— 53 's/w (#10°0 ‘BE0°0—) 9T0— ‘seig A1d02A ues)y WY | %SL
£08°0 Y {(£6°0 (s's1 50
78'0) 06°0 4 'S/W /10 O3 891°0— Vo1 (6+°0 $$3.d T| duoyd! eI 78
‘09°0—) 90°0— :53 's/w (£00°0 ‘¥T0'0—) 01°0— :seig Apojea ueayy WY1 %05 Yousg M/ (1d7) 2semywdn  (0'ga) qerdwn[4ly  zopueutag-a.qofesjeg
WY | [endy
(660 ‘L6°0) 860 1 B 9§ F || — :seig SA pajewisy
(Tes SO
SsaJdd A._.mn_v Japodu3 9 {uoyd! eiA NN._m 10
L6°0 2do[S ‘s/w 8700 33S (96°0 ‘T6'0) ¥6°0 Aojpa uealy WY | %001-5L yousg M4 J9MOd YorODLIRWS  (8'TA) YTWemMOd  ZOPpUBLIR4-2.qO[es|eg
s/w €0°0 33S (886'0 ‘5£6°0) 7860 asnay
4 i(se1q 2ANERI %9 F £'9) S/W 00 F 70°0 ‘selg AdopA uealy Y| %001-0S diH A4
S/W §0°0 33S ‘(+86°0 ‘656°0) €£6'0 ssa.d
1 1(se1q aAneRI %701 F001) S/W S0°0F 100~ seig Aojpa uealy WY | %001-05 youag A4
(I'zol soy
/W $0°0 335 ‘(166°0 ‘6£6°0) 9860 yenbg (1d7) 4epodug 9 duoyd! eiA PLED
o Rmm_n_ 9AllE[RI %G9 F* .v.wv s/W 00 F S00°0— :seig xu_uo_w> ues|,| WY1 %001—09 oeg AA/H JOMO( Yydeo)HlJews Ao..v>v YI49MOd ZdpureuJa4-aJqojesijeg
s3uipuly4 24nses|| Asuaiu| ENRICNE | uolIANID uoned|ddy Apnmig

‘suonedijdde | gA paseq-auoyditews jo Apiea sy Suissasse salpnis Jo Arewwng *§ d|qeL



Puppyn and Brughelli

(ponunuod)

(€671 ¥8£°0)
9860 2doIS {(£14°0 ‘1£9°0—) 8+0°0— 3dadue1u|

um.—w.OI “mm_ um\rr_ Om _ O + ONO.OI A0JJID EOUCNL + mm_m \Au_uo_0> v_mwn_ ZM__ ANON
(L¥1°1 ‘668°0)
€10°1 2dojS {0640~ ‘LSH0—) 01 10— 3dedua3u)
KV.OI mm um\C._ mm_OHOQOOI :10JdJD EO_v:N.h + md_m \Au_u0_0> v_mwn_ —LM__ ANO.V _._uumcm >>\u_
(1091 ‘6€1°1)
SHE| 2dos {(06+°0— ‘90%" | —) 868°0— 3dadusiu|
Km.0| mm_ nm\rc QO_OHOONO| :d0JdJD EO_u:m.h F wm_m %u_uo_w> v_mwn_ ZM__ NON
(pay1ads jou
(180'1 ‘£08°0) SO! PUE UOISI3A)
S£6°0 2doS {(66T°0 ‘£TE0—) L0070 3do2U] (denopag) o4d €| duoyd!
uwm.ol 53 um\c(_ 6C10 ¥ ¥ |°'0— JoJds wopued ¥ selg xu_uo_w> Jesd WY1 %0y ues|dD AAN/AH v_um.h.:uao BIA m_mx_mcd\ IAM vN._m 19 shweT
W /£70°0 ‘WIS ‘W £0°0 ©DAS ‘€T10°0 Y
‘wo]1°0 93 621°0— vo1:0££0 ‘§+S0) £+9°0 DI Juswade|dsiq
/W 70°0 ‘WIS ‘S/W 90°0 :DAS ‘8€0°0 yipeag
24 IS/W /2170 03 §1°0— 20T {(606°0 ‘508°0) 998°0 DI ApopA uesly WY1 %001-0€ owns AA/A
W ZH0°0 (WIS W T1°0 :DAS 9161°0 ¥
W 1°0 03 7TTI'0— o1 (9€9°0 ‘£LE€0) TOS0 DI Juswade|dsiq
/W §0°0 (WIS S/W ¢ 1°0 :DAS FLI1T0 yipeaq
Y IS/W 91001 €10~ VT (0£6'0 ‘6¥8°0) £680 DDl ApopeA uesly Y| %001-0€ uod AMJ
W 1900 (WIS ‘W £1°0 :DAS ‘££00°0 ‘Y
W G61°0 03 TE1'0— VO {(¥£5°0 ‘951°0) #8€0 DI Juawade|dsiq
/W 90°0 (WIS ‘S/W £1°0 :DAS ‘67000 3enbg
24 1S/W 070 03 £1°0— V0T (£68°0 ‘869°0) $78°0 DDl ApopeA uesly Y| %001-0€ d9eg AN/A
W £S0°0 WIS W 91°0 :DAS ‘9700°0 ‘Y
‘W /91°0 03 £§1°0— w01 (08¢0 ‘€50°0—) 1£T°0 DD Juawade|dsiq
(paymads 1ou
S/W £0°0 JW3S 'S/W 6170 :DAS ‘61070 1enbg (1d) SO!) g auoyd!
Y IS/W €70 01 £1°0— VO (980 ‘8¥9°0) 68270 DDl ApopeA uesly Y| %001-0€ W04 M/ WwiRIsAS |loqueg uadO  BIA (g |A) Yieg uod| 2/ T& 39 d1A0sEY)
V.vwo M mON ”md_m Lw>>0a :Nwz
(pay1ads jou
yenbg SUOISJaA) 9 pedl
098°0 4 ‘s/w 90| 0 :Selg ADojaA ued)y s3] o€ oeg W/S (1d7) dwnfououayn 'IA qe dwn[ A g B2 seg
1000 > -4 {(T66°0 ‘¥€6°0) ££60 4 (9170 £0°0—)
$0°0 1S3 Pl |6€°€ F90L0 OIS WOPUES F Selg  PEOPMOM [EI0] 335 YO p, €l
(066°0 ‘TT6'0) €£6°0 -1 :(81°0 ‘£0°0—) S0'0 ST  PEOP|OM [e30 | 195 YO0 ,.€
(£66°0 ‘S¥6°0) 1860 4 (#1°0 ‘£L0°0—) £0°0 ST PEOPlOM [e30] 195 WY0! pul
(166°0 ‘876°0) 5260 4 (91°0 ‘80°0—) #0°0 ST PEOP|OM [e30| 195 YO ol
010°0 ;Y ‘(786°0 ‘¥58°0) 8¥6°0 “ “(+0°0— ‘6£70~)
10— S3 um\c(_ .va.OHNNO.OI :J0JJ2 wopued ¥ selg >u_u0_w> uesl\ 3I9S YOI v._mluw_
s3uipui4 2.nseal| Aisusau| aspJaxy uoLIID uoned|ddy Apng

‘panunuo) g dyqeL



International Journal of Sports Science & Coaching 0(0)

(ponunuod)

S1°0 *,Y 'S/W 90°0 F | 00 4OJIS Wopurl F seig AIDO[IA UBd|| @015l
€7°0 ‘7Y 'S/W L0°0F 9070 4OJIS Wopurl F seig ADojPA ued)y pSs
s/w £0°0 335 ‘(160 w0151
‘€5°0) 6£°0 1 :(€¥°0 ‘T8°0—) 0T0— ‘ST ‘%TEI ‘AD A102A uealy WY1 %0L
/W 90°0 33S S sl
(160 ¥S0) 6£70 4 :(#¥8°0 ‘1¥'0-) TT0 ST ‘%1°01 :AD A1d02A uea)y WY | %0L
s/w §0°0 “33S w0151
(880 ‘T¥°0) L0 H(€6°0—TE0-) 1€0 53 %S5 L ‘AD Aojan ues)y WY1 %SS
/W 90°0 33S S s |
“(£80 ‘8€°0) 0L°0 4 :(6¥'I ‘61°0) ¥8'0 ST ‘%658 AD A1d02A uea)y WY | %SS
S/W §0°0 :33S 0131
(260 °25°0) 18°0:4(90°1 ‘61°0—) €40 3 %0+'9 ‘AD Ao0aA uealy WY1 %0¥
s/w £0°0 33S S s |
(880 ‘1¥°0) TL'0 4 :(S¥'1 ‘91°0) 08°0 ST ‘%EY'8 AD A1d02A uea)y WY | %0
s/w §0°0 *33S 30151
(€6'0 ‘79°0) €80 1 1(88°0 ‘9€°0—) 90 ST %TI'S ‘AD Aojan uesl WY1 %S
(Fadl
S/W S0°0 :33S S s 3enbg SO!) 8 auoyd!
(€6°0 ‘79°0) €8°0 4 (19°1 ‘0£°0) 96°0 ST ‘%LS'S ‘AD Ad0aA uealy WY1 %ST Peg W/S (A7) @3d04-1  ©iA (8TTA) pEOT! | Te 32 eseD-zaued
(paymads 1ou
SO! pue [apow)
LEVO ssaud (deDopqg) auoyd! eiA
‘28 ‘0£6°0 1 IS/W §0'0 F |00~ IOJId WopuEl F seig Ad0aA uealy WY | %58-5 youag W/S peajndo-oup  (1'0°9A) Yrdamod  [B 39 B||NSED-Z349d
S/W 01°0 :W3S S/W 970 :DAS
2660 “ /W (P€0) £1'0 F 353 WY %¥'61
S fs/W £0°0 ©3 8T'0— VO {(€66°0 “£86°0)
166°0 2221 ‘%¥0°L *AD *186°0 “DDD 's/w 010 seig A1103A >jeag sDIG6—ST
s/w €0 :DdS AudoeA Sjeay s/w Q9’| >
s/w 870 :DAS ApopAdEdd  S/W 09060
ssaJdd
s/w 81°0 :DAS A1d03A Sjeag /W 060 < youag W/S
S/W Z1°0 SWIS /W pE0 :DAS
796°0 I s/ (8€°0) 810 F I ‘WY %EVT
S fS/W GO0 O3 €0~ VO {9560 ‘01670)
££6'0 DD %6572 *AD ‘068°0 :DDD s/W |0~ ‘seig AdoeA >jeay sHIS6-T
s/w §€°0 :DAS AadoeA Sjeay s/w 9’| >
s/w G€°0 :DAS ApopAdEsd  S/W 091060
(Tl
3enbg SO s § auoydt
/W S0 :DAS A3120[3A >jead S/W 060 < eg W/S (UAT) @3d04-1  BA (1'8A) WKW, '[e 39 BARD-ZAUNIE
S/W 89470 03 81 T'0— VO 's/W §T1°0 seg A1d02A Sjeay WY | %0L—0% pajood
s3uipuly4 24nses|| Asuaiu| ENRICNE | uolIANID uoned|ddy Apnmig

‘penunuo) °g 9|qe



Puppyn and Brughelli

(ponunuod)

€46 0-T¥6'0
1By (%9/°5—99'S :PISSIW {£6'0—0£6'0 4035 |4 uonx?13a Y| %001-Sb pajood
6€7°0 ¥ ‘%018'6 IdVIW
‘W $S0°0 :IVIA ‘W [60°0 O3 851°0— VOT %18'ST
‘AD 165570 22D ‘W (¥T0'0 ‘9€0°0—) £€0°0— seid wawadeldsiq
8980 ;¥ ‘%8076 IdVI 'S
JW £H0°0 “AVIN /W £T1°0 O3 £51°0— VO ‘%ITE| YipeaQ
AD £1€6'0 222D ‘s/w (10070 ‘£10°0-) T10°0— seig Aopa uesly WY I %001-S¥ uod A
LS1°0 Y ‘%9001
IV ‘W GE0'0 “IVIN ‘W 0800 ©3 601°0— VO
'%ST'S *AD ‘L¥S5°0 :DDD ‘W (190°0 ‘6£0°0) £+0°0 seid wawadedsiq
€26°0 ¥ %T9%'8 “AdVIN
'S/W TG00 “IVIN ‘S/W 88170 ©3 TO1'0— VO ‘%LS'L ssa.d
‘AD 16€6'0 22D ‘s/w (190°0 ‘6£0°0) €400 seid Apopa ueay WY %001-Sy  Yauag A4
899°0 ;¥ ‘%/£86'9 :AdVIW
‘W $0°0 :IVIA ‘W 6500 ©3 T 10— VOT %TS'|
‘AD ‘0¥L°0 222D ‘W (8€0'0— ‘9€0°0—) TEO'0— seid wawadedsiq
(££1 sOl) i
TL60 7Y %658°€ :AdVIW €18 || duoyd!
'S/W 920°0 “IVIN S/W $80°0 ©3 | L0'0— VO ‘%TL'E 1enbg A (01°GA
‘AD 9860 22D ‘s/u (600°0 ‘100°0) 000 :seig AopA uesy WY1 %001-Sk Peg M/A (1d7) 2semywis g |'g'pA) LB oz |2 30 uAddng
90°0 ;¥ 'S/W £0°0F 900 4OJJ3 Wopurl F seiq A1D0oA U @01l
100 ‘¥ S/W /00 F 60°0 40442 Wopued F selg A1D0JPA ued)y @S
s/w §0°0 33S 501 =as
(96'0 ‘¥£°0) 680 4 :(€5°I ‘€T°0) 88°0 ST ‘% 1} ‘AD AojaA ues)y WY | %0L
S/W 90°0 :33S Sl
(€6'0 ‘79°0) €80 4 :(0L'I ‘8€°0) ¥0'1 ST ‘%0El ‘AD Aojen uesly WY | %0L
s/w §0°0 33S 501 =as ]
‘(#6°0 °£9°0) 98°0 4 (81 ‘61°0) €8°0 ST ‘%8E'S ‘AD AojaA uesly WY | %SS
s/w $0°0 33S S s
(96'0 ‘9£°0) 06°0 4 *(£S'I ‘£LT0) T6'0 ST ‘%6L Y AD Aojan ues) WY %S
/W 90°0 335 0131
96'0°52°0) 060 -4 :(61°1 “£0°0—) 95°0 'S %T8'S :AD AojaA uesly WY | %0
s/w £0°0 *33S S s
‘(#6'0 ‘¥9°0) ¥8'0 4 *(SE'I ‘80°0) 1£°0 :ST ‘%TEL AD Aojan uesyy WY | %0
s/W 60°0 33S 0131
(06'0 ‘09°0) 080 4 “(£8'0 ‘8€°0—) ¥T'0 ST :%L6'L *AD AojaA uesly WY | %ST
s/W 60°0 33S S s ssa.d
(88°0°15°0) ¥£°0:4:(S0°1 ‘0T°0—) TH'0 'S ‘%08 *AD Aojpn uesyy WY | %ST youag W/S
s3uipuy4 24nses| Asuaiu| ENRICYE | uoANID uonediddy Apnmig

‘Panunuo) °§ d|qeL



International Journal of Sports Science & Coaching 0(0)

10

(ponunuod)

1204 u:meum_n_m_ﬁ_
wNO d \Au_uo_w> v_mwn_
(pay1ads jou
SO!) €1 duoyd|
ssaud BIA (0°S'HA)
b0 ApojaA uesly WY %S¥ youag AN/A (1d7) @Anaup 1GAdMIBL MOYEg % deAoTeg
okvo.o “_uwmw_z CO_uuwuwﬁ_
yipeaq
(660 ‘660) 660 4 ‘s/w (200 ‘10°0) TOO :ISWY owng
(860 ‘€6'0) S6°0 :2do|S {(£0°0 10°0) 700 3dedus3U] ApojA uesly WY %06-S¥ JUoD AN/A
ﬁNVO.O “_uwmm__\,_ co_uuwumﬁ_
(£6°0 ‘96'0) 96°0 ;¥ ‘s/w (£0°0 20°0) £0°0 “ASIWY ssa.d
%01 ‘£6°0) 00°| 2doIS (£0°0 ‘00°0) 10°0 :3ded.403u AoeA uesly WY | %06-S¥ youag AA/AH
nNvo.o “_uwmm_z CO_uuwuwﬁ_
(payiads
10U SO
(00°1 ‘00°1) 001 =24 ‘s/w (61°0 ‘81°0—) 00°0 “ISWY 35 duoyd! BIA
((zo'1 ‘66°0) 00°1 :2doIS {(10°0 ‘10°0—) 0070 :3da2433u] AopeA uesly WY | %06-S¥ 1enbg AA/H (depo@g) uodIA  (600) LANIMO
ANV _ N “_ummw_z co_uuwuwﬁ_
yipeaq
(1£°009°0) 99°0 .4 's/w (61°0 “11°0) #1°0 “ISWY owng
‘W1 ‘2€0) 6£70 2dolS {(0T°0 ‘90°0—) 9070 3dad43u] AofeA uesly WY | %06-S¥ JuoD A/A
ANO..Tw “_uwmm_z co_uuwuwﬁ_
(1670 ‘08°0) 98°0 ;¥ “s/w (€T°0 ¥0°0) 11°0 “ASIWY ssa.d
%01 ‘85°0) 9£°0 2doIS {(61°0 ‘00°0) 01°0 :3ded.01y AoeA uesly WY | %06-S¥ yauag AA/AH
a&m._ “_u.wmm_z :O_uuwuwﬂ
(L6'0 (poymads 30u
‘96°0) £6'0 4 'S/W (S0°0 ‘€0°0) 0°0 :ASWY (80" SOY) 3S auoyd!
‘86°0) £0°| 2doiS {(10°0— ‘S0°0—) £0°0— :3dedue1y| AoeA uesly WY1 %06—S¥ 1enbg AA/H (deoop@g) uodiA  BA (6T €A) WIAW
AN.VN_ “_uwmm_z CO_uUwuwﬁ_
yipeag
(2270 °19°0) £9°0 M “s/w (01°0 “£0°0) 80°0 “ASWY owng
(6£°0 ‘09°0) 69°0 2doIS {(61°0 ‘01°0) §1°0 :3dedue1y AoeA uesly WY | %06-S¥ JuoD A/A
nNvo.w “_uwmm_z CO_uuwuwﬁ_
(260 ‘68°0) 16°0 “,¥ ‘s/w (S0°0 “€0°0) ¥0°0 “ISIWY ssa.d
060 ‘6£°0) +8°0 :2do|S :(80°0 40°0) 900 3d@d.23U] AdojaA ues)y WY %06-S¥ youag AN/A
%S°€ ‘PoSSIN uondsa3ag
(paydads jou
(z60 SO!) 35 auoyd!
‘68'0) 16°0 :d 's/w (60°0— ‘L¥'0—) 8T'0— ‘ISWY e (1°€°TA)
(960 ‘98°0) 88°0 :2dojS (8070 ‘10°0—) £0°0 :3dad.433u] Adojaa uesl WY1 %06-S¥ 1enbg AA/H (deDop@g) uodipn 19A131 ¢ & 32 Jauuay
s3uipuly4 24nses|| Asuaiu| ENRICNE | uolIANID uoned|ddy Apnmig

‘penunuo) °g 9|qe



Puppyn and Brughelli

(ponunuod)

(1S€1 ‘859°0) $00°| 2dOIS G8°0 .Y '

/W 90°0F 00°0 V0T :(£60°0 ‘960°0—) 100°0 :3d32493u] A1d02A uealy WY1 %001
(E¥T'1 ‘99£°0) 00'| 2dO[S 760 ;X *
/W00 F 000 Vo1 :(¥11°0 ‘601°0—) €00°0 :3da.433u| Adojaa uesl WY1 %06
(#L0'1 ¥69°0) $88°0 :2dOIS ‘€670 Y 'S
/W S0'0F 00°0 V0T :(€81°0 ‘€#0°0—) 0£0°0 :3d3293u] A1d0aA uealy WY1 %08
(#01°1 '89£°0) 9£6°0 2dOIS G6°0 -, ¥ 'S
/W H00F 1070 :vOT(E£1°0 ‘€90°0—) §50°0 3dad493u AdojaA uesyy WY1 %0L
(#01°1 “165°0) L¥8°0 2dOIS 88°0 * Y 'S
/W L00F 10°0 :VOT :(1¥€°0 ‘S£0°0—) £€1°0 3dad43u] A1d0aA uealy WY1 %09
(1271 ‘€€8°0) TS0'| OIS H6°0 ¥ 'S/W 400
F10°0 :voT1€91°0 P€T0—) 9£0°0— 3dad4a1u A1202A uealy WY1 %0S
(e 11
SO!) £ duoyd
(88€°1 ‘#€6°0) 191°1 2dOIS :96°0 -, ¥ 'S/W 90°0 3enbg eiA (payidads
F700 :vo14980°0 ‘0LE0—) T# | 0— 3dodumay| A120JaA uedly WY1 %0¥ Soeg AA/H (denop@ag) 4oadey  10u uolsIaA) YA ,,Te 39 uosdwioy |
(8270 “19°0) 0£°0 uswade|dsiq
(€8°0 '69°0) ££°0 4 A1d0aA uealy MOlS,
(€870 ‘0L°0) ££°0 4 usWadedsiq
(060 “18°0) 98°0 A202A uea)y Ased,  ylpeaq AN/
(5570 ‘62°0) €¥°0 uswade|dsiq
(S£°0°£5°0) £9°0 4 A1d02A uea)y MOJS,
(080 ‘59°0) €£°0 4 usWwadedsiq
SsaJdd
(060 8°0) £8°0 A1d02A uea)y Ased, youag AN/
(960 ‘16°0) ¥6°0 4 awadedsiq
(980 ¥£°0) 180 A1d0aA uealy MOIS,
(180 ‘99°0) G20 swWade|dsIg
(pauydads
10U SO 04d
yenbg Ped! A (1°5°0A)
(£6°0 ¥6°0) S6°0 A202A uealy Jased, eg A4 (deDop@g) uodiA L19Ad8 ., Te 30 Joqe |
w3 4|y F8EY (WIS 16L0 swadedsiq
S/W T1'0F 800~ ‘W3S ‘6860 ;Y 11670 A1103A Sjeag
S/W 900 F 10°0 “WIS ‘6660 ;¥ €670 4 A10j2A uealy WY1 %S.-S¥
/10 uswade|dsiq
1870 4 AI1DO3A ey
68°0 A1d0aA uealy WY1 %SL
6,04 juswade|dsiq
6,04 xu_uo_w> Jesd
§8°0 A1202A ues)y WY1 %09
s3uipui4 2.nseal| Aisusau| aspJaxy uoLIID uoned|ddy Apng

‘panunuo) g dyqeL



International Journal of Sports Science & Coaching 0(0)

12

(ponunuod)

S/W0T0
01 00— VO *1€6°0 O3 #16°0 :DDD *S/W £0'0 ‘Selg

S/W 97°0 ©3 80°0— VO ‘188°0 :DDD *S/W 60°0 ‘Selg
S/WTTo
01 90°0— VO *1£6°0 O3 #16°0 :DDD 'S/ 80°0 ‘Selg

AooeA

uesyy ,0Ct
Ad0PA

KDoA uesly .0

Ad0PA
S/W 970 03 L0'0— VO ‘€88°0 :DDD *S/W 60°0 ‘Selg uesly 01—
s/w 070 KDoA ssaUd
01 £0°0— VO *1€£60 O3 #1670 “DDD 'S/ 90°0 ‘selg UBdl\ .0~ WY1 %001-0S Yyousg M4
000'| “I[e33Y 000’ | :UOIsIdId  uoNdILQ 0T+
966°0 ‘I[e33Y 000 | :UOIsIdId  uoNldRILQ 0]+
000°| :I[e23Y ‘000’ | :uolsida.id uodRQ L0
866°0 ‘I[833Y 000 | :UOISIdDId  uo13IRQ 0] —
000'| “I[e33Y ‘000’ | :UOIsIdId  uoNIdILQ 07—
wd /L€ JuswRde(dsiq
01 0LH— WO 'SL6°0 03 856°0 "DDD ‘W1 60— ‘selig 0T+
wd /0§ Juswade|dsiq
01 /€9~ V0T :§£6°0 O3 856°0 DD ‘W §|'0— ‘selg 0lt
w10y
03 £I'b— VO '§L6°0 ©3 856'0 :DDD ‘W2 go'0— ‘selg  Iuswadedsiq .0
uawade(dsiq
Wd |19 03 §§°G— YO ‘6p6°0 DD ‘W 8T ‘selg 01—
wd 08’ uswade|dsiq
01 /'L~ WO 4OMOT 16§6°0 2DDD ‘W 80— ‘seig o0C—
S/W 470 AdojpA
01 $0°0— V07 ‘0680 ©3 9780 DD 'S/ 0170 ‘selg uesyy ,0Ct
s/w 870 AoojeA
01 G0'0— VO ‘068°0 ©3 9T8'0 DD 'S/W | |0 ‘seig uesy .01+
S/W1T0
03 00— V07 ‘068'0 O3 9780 :DDD ‘S/W 010 ‘selg  AIIOPA UBS 0
s/Ww 870 AoojeA
01 £0°0— VO ‘068°0 ©3 9T8'0 DD 'S/W £]°0 ‘selg Uesl\ 01—
(I'+'s1 soY
0.d pPed! ueH
wCl B ‘0dd €]
X ‘1| duoyd!
/W TT0 Aapopea senbg elA (0°9°04)
01 $0°0— V07 ‘0680 ©3 9780 “DDD S/ 60°0 ‘Selg UBS .0C— WY1 %001-SC ’Prd M4 (deDow@g) uoain 1AM g [B 39 [IPMmoIL
(Tr0'1 ‘T66°0) £10°1 2dO[S ‘660 ;¥ *S/W §0°0
F10°0:vo1:(510°0 ‘120°0—) €£00°0— :3d32.93u] A3120[2A uealy WY1 %001-0¥
s3uipuly4 24nses|| Asuaiu| ENRICNE | uolIANID uoned|ddy Apnmig

‘penunuo) °g 9|qe



13

Puppyn and Brughelli

*10.443 dJenbs

UBaW 1004 ‘JS|NY 10443 93eauadiad 2In|Osqe UBaW ‘| S13EM ‘M 's3|nofo]i] ‘H) JUSWBINSEIW JO J0.ID PIEPUEIS ‘|IS "9SUBYD 9|qeI22IaP 1S3)[BWS ‘DS "IOLID WNWIXEW ‘J|A "IUSID1}S0D UOIIE[S.II0D SSE|IB.IU]
‘D] "UOHEBLIBA JO JUSIDIYS0D ‘AD "1094J90D UO[IE[S.1I0D SDUBPIOIUOD Sl “DDD) JadNpsue.l A1D0[9A Jeaul| ‘| AT "J0.1IS 9IN[OSqe UBSW ‘Jy/|4| "SUIYDBW YAIWS ‘L/S "94n1ded uonow [euoisuswip-sa4y3 ‘dedolyas
"UOITBUILLIIDP JO JUBIDLIPO0D Y IUBWIRSE JO SIWI| ‘YO "3ZIs 309)§3 3 5,93paH ‘S3 9IBWIISS B3 JO IO.LIS PJEPUEIS ‘IS IUDIDYJ0D UOHEI.LIOD UOSIER] ‘I IYSI9M-33.1) ‘AN/4 "42oNPsue.3 uonisod Jeaul| ‘1 d1

7860 ‘||B29Y ‘€/6°0 :UOIsida.g
6160 :|[e29Y :£96°0 -uoIsidaId
S86°0 :I[e2Y '656°0 :UOISIRd
G86°0 ‘IlB9Y :G6°0 :uolsidaId

uondaLq 07+
uons331eg .01+

uonv319qg L0
uondaLq 0| —

686°0 “I[9Y ‘0F6'0 ‘OISR UOI3INRQ 0T~ WY1 %001-0S
wo /€ uswade|dsig
01 61°G— V07 :976°0 O3 106°0 -DDD ‘W1 4/ °0— ‘selg 0Tt
wd 6|y uswade|dsiq
01 §8'G— Y07 :976°0 O3 106°0 DD ‘Wd £8'0— ‘selg 01+
un /¢
03 $0'9— YO :976'0 O3 1060 :DDD ‘WA §|'|—iseig  IuswWadeldsIq .0
wd 06°€ uswede|dsig
01 78'S— V01 :976°0 03 106°0 -DDD ‘Wd 96'0— ‘selg 01—
wo 07’s uswade|dsig
01 80'9— V07 :976°0 O3 106°0 -DDD ‘W1 | — selg 0T~
s3uipuly 2.4nses| Asuaqu| ENBICIE | uoLRID uoned|ddy Apmag

‘panunuo) °g I|qe



International Journal of Sports Science & Coaching 0(0)

14

(ponunuod)

(paydads
J0U SUOISIDA)
oud g| auoyd!
S/W 9000 ‘W3S 'S/W 9100 :AAS  AMP0JPA deag WY | %0 UedD AA/4 dd1Aep-eay| BIA SISA[BUY TAA 47 & 39 snwa1
M 768561 WIS H(TE6'0 ¥68°0) G160 :DDI %L1'8AD  4amod uealy
(pay1ads
10U SUOISJISA) 9
S/W 90°0 “WIS (6£6°0 ‘906°0) ¥T6'0 “DDI “%TY'L ‘AD  AI0jaA uealy s3] 0¢ 3enbg >deg /S dd1Aep-enu|  ped! eiA qe dwin[ ALy N LECE el
¥L0°0 :d L66°0
S U400 S ST 's/w £00°0 F 7000 4oJJd wopued F selg  AIDOJRA Ued| 39S YO pa€ s
611°0 74 :£860
S UN0.0 S 53 um\rc .V_0.0H 100°0 40442 wopued F selg xu_u0_®> ues|,| 39S YOI Em
8070 ;4 :£86°0
S U700 > ST S/W | [0°0 F £00°0 HoJJd wopued F selg  AIDO[SA U 398 WO pul
@
S¥0'0 ¥ *£86°0 SO!) s § auoyd
W o .NOO W 53 um\E N_OOH 100°0 :40J4J2 wopued F selg \Au_uo_m> ues|,| 39S |NYO| um_ umj_um JeH W/S Jajed-Jaju| BIA AO_>V peo! o_._m ECRNETq|
S/W S0°0
WIS 's/W 170 :DAS (786°0 ‘€86°0) 8860 “DDI %L'9 :AD  AIP0JRA uedly s3] 08-0C $S9.d Ypusg /S
/W $0°0
‘W3S ‘s/w 0170 :DAS (066°0 ‘086'0) 986'0 “DDI ‘%9 :AD  AIO[IA uedly s3] 080 yenbg >oeg /S 921A9p-EaIY|
S/W 80°0
WIS S/W TT0 2DAS ‘WY | %5'9T TSI ‘WY | %L'9T
#8310 1(186°0 ‘196°0) ££6'0 2DDI ‘%01 AD L¥6'0 :DDD  AUP0PA Uedly s3] 08-0C $$3.d Yyauag /S
S/W S0°0 (€11
TS S/WE1°0 2DAS WY I %9 1T FF TN WY | %L'1T SO!) 9 auoyd!
#8310 1(786°0 ‘€96°0) ¥£6°0 2DDI %09 ‘AD ‘056°0 :DDD  AU203A UED 3 08-0C yenbg >poeg /S @MASP-4RIU]  BIA (0"pA) YITIOMOg o [E 32 Z3UEq|-]2UnoD
(86°0 ‘€6'0) £6'0 “DDI ‘%9801 ‘AD  A20[3A uEd WY1 %S/-0S
(860 ‘T6'0) 960 “DDI “%SS'El AD  A20[2A UBdy WY1 %SL
(551
SO!) T duoyd: eia B LET
(860 ‘¥6°0) L6'0 :DDI ‘%LI'8 :AD  AUP0[PA UeBLy WYI %0S  ss3id youdg A4 admap-eau]  (0°¢A) qeT dwinf Ay ZopurUIa4-3.qo|es|eq
7200
24 {(§56°0 ‘TL6'0) 146°0 DD 'S/W TO'0F L0000~ ‘seig  AIDOJoA uedly WYI %06-GL  S594d Yausg M4 93ed-a3y|
(Tes
1100 SO!) 9 duoyd! 3@
24 (F£6°0 “T56°0) §96°0 “DDI *S/W £0°0 F800°0 :e!d :£96 ‘B AIIO[IA ued)y WY I %06-GL  SS3id Ydudg AA\/4  DIASp-BAU|  BIA ('TA) YUOMO4  ZOPUBUIR-2.qO[es|eg
(6£60 '876°0) 196°0 DD A203A uEdy WY1 %5605 asnay ) di AN/
(986°0 156°0) ¥£6'0 :DDI  A20[PA URBLy WYl %56-0§  $594d yausg M/
(rrzol
SO!) 9 auoyd! P LS
(6860 ‘S96°0) 186°0 DD  A3203A UEdy WY1 %5605 jenbs Soeg AA/4  9dMSp-BaU|  BIA (Q'pA) WTOMOJ  ZOpUBUIR4-DUqO[es|eg
s3uipui4 2.nses|,| Asusau] aspJaxy Aqeley uoned|ddy Apnmg

‘suonedijdde | gA paseq-auoydisews jo Ajiqeija. aya Suissasse salpnis jo Alewwing *9 ajqe |



15

Puppyn and Brughelli

(panunuod)

(|
Yy s
S/W 60°0 W3S (bT'0 ‘TO'1-) 6€0— ST %F L1 AD  AIOPIA UBSy WY1 %0.
Sl
yad 3
S/W 60°0 ‘W3S *(ST'0 ‘00'1—) LE0— :ST %191 ‘AD  AIPOJRA UBsy WY1 %0L
(|
Yy s
/W 90°0 ‘W3S ‘(6€°0 ‘58'0—) TTO— ‘ST ‘%€9'8 ‘AD  AIUOPIA UBsy WY1 %S9
Sl
Yyl as
S/W £0°0 ‘W3S ‘(E€°0 ‘T6'0—) 670~ :ST ‘%Sk'6 ‘AD  AIPOJRA UBS WY %S9
(|
Yy s
/W §00 ‘W3S *(15°0 ‘€£°0-) 11'0— S '%19'S ‘AD  AIOP3A ues|y WY1 %0
Sl
yad 3
/W 90°0 W3S ‘(29°0 ‘T9'0—) 00°0 ST ‘%TL9 :AD  AP0jPA uesy WY1 %0¥
01—l
ys s
/W 01°0 ‘W3S ‘(LE°0 ‘£8'0—) STO— ‘ST ‘%6L'6 ‘AD  AIOPIA UBsy WY1 %S¢
Sl
yad 3
S/W 01°0 ‘W3S (LE°0 ‘88'0—) STO— :ST‘%1L'6 ‘AD  AIPOPRA UBsy WY1 %S¢ 7enbg >peg |N/S  ddMmdp-EY|
€0°0 :33S ‘€00 ‘¥ '66°0
60°0 ST ‘%91°€ :AD ‘S/W €0°0 F |00 044 wopue. F seig  AIDO|9A ued| w015l
90°0 ‘335 °10°0 .4 *86°0
10°0 ST LEL°S TAD S/W 90’0 F |00 4OJJS Wopueld F seig  A1DOJ9A ues|y Sas| ssadd yousg /S
S/W 700 33S *€0°0 ;¥ *00°|
$€0°0 ST “%TTTAD ‘S/W TO'0F |0°0 4044 wopued F seig  AIDO|9A ues| w015l
(vl
S/W $0°0 :33S *10°0 ;Y '886°0 4 *€0°0— SO!) 8 auoyd!
ST %P5 I AD S/W H0’0 F |0°0— :0JJS wopued F selg  A1D0[9A Ues)| @§is| 1enbg >deg |/S  Jo3BJ-U91U] ®BIA (8T'TA) peOT! | Te 39 easeD-zauad
§8'0 DI ‘%L6'% 'AD  AId0joA uedly WY1 %58
£8°0 DI %69°€ ‘AD  AI203A uedy WY1 %S
VL0 DD1 %16 ‘AD  AId0pA uealy WY %99
§8'0 DI ‘%L6'E 'AD  AI0JoA uedly WY1 %S9
(paymads 10u 5O
pue [apow) auoyd!
¥8'0 :DDI ‘%S8T :AD  AId0jpA uealy WY1 %S¥ $S3.d Youdg /S  IDIASp-EIU|  BIA (]°0°9A)ITMOd oc B 32 B[IseD-Z343d
/W 8°0 W3S *S/W €2°0 :OAS ‘WY |
%ST AN ‘(5660 066°0) £66'0 DD ‘%6L'S AD *986'0°DDD  AII0[3A >edyd sHIG6—5T $S3.4d Yousg W/S
Tzl
S/W 80°0 :W3IS *S/W $T°0 2DAS ‘WY | % 18T SO)) s § duoyd
AW (0860 ‘656°0) TLE'0 2DDI *%TO'S *AD S¥6°0 :DDD  A120JaA Yead sHIS6-5T 7enbg >oeg /S 921A3p-EaY| e (1°8A) YA 5, '[B 39 BABD-Z3UNIE
S/W £00°0 ‘W3S 'S/W 6100 :AAS  AMP0[PA dead WY1 %0L
S/W $00°0 W3S 'S/W |10°0 :AS  AI0[A deag WY %0¥ Y23BUS AN/
S/W $00°0 W3S 'S/W [10°0 :AAS  AIP0PRA dead WY1 %0L
s3uipul4 2.4nses|| Asuaiu| ENBYCIE | Ajiqerpy uones|ddy Apmag

‘panunuo) °9 d|qeL



International Journal of Sports Science & Coaching 0(0)

16

(ponunuod)

(€860 ‘£88°0) TS6°0 DDl “%¥Ly ‘AD  AU20[3A UBd WY1 %09
(686°0 ‘876'0) 0L60 DI %16€ ‘AD  3udWDRIdSI
(196°0 ‘L¥L°0) €680 DI %06% ‘AD  AI0[2A >ead
(pay1ads Jou
SO €1 duoyd! eia
(¥£6°0 “1€8°0) 6760 DDI %16°€ :AD  AI20JPA URBL WY %Sy $S94d Ydusg AA/d dd1ASp-eay| (0'SPA) LaAMB MOvEg % deAodeg
‘W GE00 ‘3L W 8600
2DAS *105°0 ‘¥ ‘W 600 ©3 §60°0— *VOT *€5L°0 DDl
TLTAD “TSL'0 DD ‘W (£00°0 ‘800°0—) 100°0— :selg  3udwWadEdsiq
'S/W LP0°0 (AL ‘% 1w 1 (WY 1) DAS S/ 0g1°0
2DAS ‘T88°0 ;Y *S/WM 970 03 SE1°0— VO :1¥6°0 DD
BEE D {1¥6°0 DD 's/w (000 ‘TI0°0) 000~ :serg  Ad0jaA uealy WY1l %001-9%  HlIpEsg uod AA/AH
‘w6000 3L
‘W 70°0:DAS 15670 .4 "W £T0°0 ©3 1T0°0— VO1:1£6°0
DD %S € *AD ‘€£6'0 DD ‘W (S00°0 “€00°0) 100°0— :selg  3udwde|dsIq
's/W 0€0°0 :3L ‘%9 (WY 1) DAS *s/W 7800
2DAS '€96°0 ;Y 'S/W 180°0 ©3 S£0°0— *VOT ‘1660
DD1%S'L *AD 866°0 222D *s/W (S10°0 ‘T00°0) OO0 seig  A3120[9A uedly WY1 %001-S¢ $s9.d Ydusg AA/A
‘w0070 "L ‘W 6100
2DAS 'T86°0 ¥ ‘W £]0°0 93 0T0'0— WO ‘1660 DD
%Sl :AD 1166°0 ©DDD W (000°0 ‘TO0'0—) 100°0— ‘selg  3uswadedsiq
(221
S/W 8100 :AL ‘%EY (WY 1) DAS s/wW 0500 SOI) luw €] g ||
2DAS ‘886°0 ;¥ S/W TS0°0 ©3 840°0— *VOT ‘4660 auoyd! e (0']°GA
DDI%EE JAD 66°0 22D *s/W (S00°0 ‘000°0) TOO'0 selg  A320[2A uedly WY1 %001-S+ 3enbg >oeg AA/4  9DIASP-JBIU] B |'8pA) LD oz & 3@ uAddng
01—l
ya! s
/W £0°0 W3S (TS0 ‘TL0-) 01'0— ST %11 AD  AI0P2A us|y WY1 %0.L
|
yad s
/W 80°0 W3S ((TL'0 ‘TS0—) 01°0 1S3 :%1°TI :AD  A3120[3A uedly WY1 %0L
(|
ya! s
S/W 800 ‘W3S (290 ‘T9°0—) 00°0 ST ‘%0T6 :AD  AI20JoA uedly WY1 %S9
|
yad s
S/W £0°0 <3S (€50 “1£°0-) 60°0— ST %81°L ‘AD  AI20[3A ued)y WY1 %S9
(|
ya! s
/W 80°0 <3S (€570 ‘1£°0-) 600~ ST %01°L 'AD  AM0[3A ued)y WY %0¥
|
yad s
S/W 60°0 :WIS (S0 0£°0—) 80'0— :ST %L1'8 :AD  AIO[3A ued|y WY1 %0¥
(|
ya! s
S/W | 1°0 W3S (LE°0 ‘88°0—) STO— ‘ST :%99'8 ‘AD  AI0[3A uBdy WY1 %S¢
|
yad 3s
S/W | 1°0 <3S (L€ ‘£8'0—) STO— ST :%50°6 ‘AD  AI0[3A uedly WY1 %S¢ $s34d Yausg W/S
s3uipuiy4 24nsed|| Aysuaau| ENRICNE | Ajiqerpy uoned|ddy Apnmag

‘penunuo) ‘9 9|qe



17

Puppyn and Brughelli

"J0443 [e21dA1 ‘J | 9oUBJSYIP 3|qEIDRIBP Is|[eWS ‘S 9ZIS 1930 8 5,98paH ‘G IUSWIINSEIW JO IO PJBPUEIS ‘IS "98UBYyd 3|qeIDIBP ISI|[BWS ‘DS IO WNWIXeW ‘J|u|
"JUBID1Y§903 UOIE[B.I03 ADUBPIOIUOD S,UIT DD "BUIYIBUI YIS ‘|A/S "UOIELIEA JO JUBIIYI0D ‘AD) "UONEBUIWLISIP JO JUBILJR0D Y "BYd[E 5,YdBqUOID) ‘B JUBID1YJO0D UONEIIOD SSEDR.IUI DD WSIIM-23.4) ‘AA/A

S/W G0 131 %L'6 ‘AD  AUI0[IA uBdy WY1 %0010t

S/W €0 3L ‘%8'El AD  AUd0peA uesly WY1 %001
S/W G0 3L %9°TI :AD  AUdORA ues)y WY1 %06
S/W 0 131 ‘%89 :AD  AID0poA uedy WY1 %08
S/W €0 3L %6y ‘AD  AId0[RA uBsly WY | %0Z
S/W 0 3L ‘%5'S ‘AD  AUdOeA uesy WY1 %09
S/W €0 3L ‘%LE AD  KUdORA uesly WY1 %09
(11 so
s/W 0 31 WANN.V ‘AD \Au_uo_m> ues|,| WY1 %0 ums_um oeg AA/H 9DIAp-_AIU| /[ duoyd! eiA .t_n_x—\,_ E._m 19 cOmaF_Or_._.
9£°0 :DDI ‘%H'9 :AD  3uswade|dsig
£8°0 :DD1 ‘%881 :AD  AId0poA ues|y Mo,
¥8°0 :DDI 1%0'8 :AD  Juswadedsig
¥6°0 D1 ‘%09 ‘:AD  Ad0joA ues|y ased, yipesa A4
£9°0 DD ‘%9°L AD  uswede|dsiq
6£°0 DD ‘% T AD  AIDOJoA uesly MO[S,
080 :DDI %T'6 :AD  uswade|dsig
.va.o DI ”N0.0M AD xu_uo_m> ues|,| Jase4, Ssadd yauag >>\u_
860 :DD1%1'I1 :AD 3uswsadedsiq
86°0 :DDI ‘%8'STAD  Ad0oA uealy MO[S,

68°0 DD ‘%68 :AD  udwadedsiq

(pay1ads 1ou

SO!) 0.d ped! elA

£8°0 DD %TTTAD  AwojeA uesly ased, jenbg >oeg AA/4  9d1ASp-BNU|  (4'G°0A) LEAIMIBW ., T 30 Jaqe |
(166°0 ‘8£6'0) ¥£6°0 DD ‘%L0°E :AD  uswade|dsig
(1260 ‘€18°0) 176°0 2DD1 %146 :AD  AI202A dead
(086°0 ‘698°0) S¥6°0 DD ‘%60°L AD  AUd0[eA UBS| WY1 %SZ

(£86°0 ‘T68°0) ¥56°0 DD ‘%TI'E :AD  3uswadedsig
(886°0 ‘076'0) 9960 DD ‘%¥6'S :AD  AU20[PA deay

s3uipui 2.nsesl,| Ausuagu) aspUaxy Ajiqelpy uoned|ddy Apnmig

‘panunuo) °9 qeL



18

International Journal of Sports Science & Coaching 0(0)

Table 7. Pooled mean concurrent validity (r, CV, ES) estimates by VBT application.

Application n Mean r Range n Mean CV Range n Mean ES Range

iLoad 2 0.88 0.81-0.96 I 8.24% — 2 0.25 —

Iron Path

Metric 2 0.76 0.75-0.77 I 9.51% —

My Jump Lab 7 0.94 0.85-0.98 2 8.48% 7.32-9.65% 2 0.07 —0.11--0.25
WL Analysis | -0.56

QwikVBT

Pooled

Study-level means were calculated by averaging all values within a study before pooling across studies to derive application-level estimates. r, Pearson’s
correlation coefficient. CV, coefficient of variation. ES, effect size. n, number of studies. —, single study (range not applicable).

Discussion

This review assessed the concurrent validity and reliability
of six commercially available smartphone-based VBT
applications for measuring barbell velocity and displace-
ment. The primary findings were: (1) four applications
(iLoad, Metric, My Jump Lab, and WL Analysis) demon-
strated acceptable validity (r>0.70; CV<10%; ES<
0.60); (2) two applications (Metric, My Jump Lab) demon-
strated acceptable reliability (ICC >0.900; CV <10%; ES
<0.60), though not research-level criteria (ICC>0.997;
CV <3.5%); and (3) measurement performance varied
across applications, exercises, and loading conditions,
with smartphone applications demonstrating lower validity
and reliability than established VBT devices.

Current smartphone-based VBT applications appear
suitable for recreational and field-based applied settings,
though not high-precision research contexts. Whilst
‘acceptable’ levels of validity and reliability are suffi-
cient for general monitoring,® research applications
demand substantially higher reliability, as even modest
systematic or random error can meaningfully influence
training decisions.” As these tools did not meet
research-level reliability criteria, they are best suited to
applied and field-based research contexts rather than
high-precision laboratory settings.”?° Nevertheless,
these tools show promise as an emerging technology.
Practitioners should evaluate measurement performance
specific to their training context, and account for inher-
ent measurement error.

Several technical limitations likely contribute to
observed measurement variability. Hardware constraints,
including frame rates and shutter speeds, limit temporal
resolution during fast movements, whilst software limita-
tions such as repetition-detection algorithms and
pixel-scaling affect accuracy. Two-dimensional (2D) ana-
lysis introduces additional visual distortions, such as paral-
lax error—though the extent to which this affects modern
applications with compensatory algorithms remains
unclear. These technical considerations are discussed in
subsequent sections and should be considered when imple-
menting smartphone-based VBT technologies.

Validity

Mean velocity. Mean velocity validity was assessed across:
iLoad,'®!" Iron Path,”> Metric,'>1%:20:% My  Jump
Lab,!317-19:21-23.39 41 4 QwikVBT. 13

Exercise-specific patterns were evident. Smartphone
applications generally demonstrated highest validity in
squat, followed by bench press, with lowest validity in
deadlift.”!'~'>1%-2° Hip thrust demonstrated slightly lower
validity than squat and bench press, though assessed in
only one study.'” Between-application differences were
also evident. When Metric (v2.3.1), My Jump Lab
(v3.2.9), and QwikVBT (v0.94) were compared across
squat, bench press, and deadlift, QwikVBT demonstrated
near-perfect agreement with the criterion measure, whereas
Metric and My Jump Lab showed substantially lower and
divergent validity."?

Smartphone applications demonstrated stronger concurrent
validity than IMUs, though agreement with gold-standard
devices was moderate. Across four studies,”'’**2° My
Jump Lab (v4.0, v6.0.1, v10.0.6) was assessed against seven
IMU devices (Bar Sensei, Beast Sensor, PUSHbar,
PUSHband, PUSHbody), four LPTs (ChronoJump,
GymAware, Vitruve), two LVTs (T-Force), and two camera-
based systems (Velowin). My Jump Lab consistently demon-
strated lower validity than LPTs, LVTs, and camera-based
systems, but higher validity than IMUs.

Several technical factors may contribute to observed
exercise-specific validity patterns. Pixel-scaling errors,
often arising from inaccuracies in weight-plate diameter
estimation, can distort displacement measurements,”'
whilst the commonly used 0.1 m/s vertical velocity thresh-
old for repetition detection may misidentify repetition onset
and termination points.'>?°2° Because mean velocity is cal-
culated as displacement divided by time, either error type
would directly affect measurement validity.*

Peak velocity. Peak velocity validity was assessed across:
Metric,> My Jump Lab,'® and WL Analysis.**
Smartphone applications demonstrated lower validity
than established technologies during traditional resistance
exercises. Compared to 3DMoCap (STT) and an LPT
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Table 8. Pooled mean reliability (ICC, CV, ES) estimates by VBT application.

Application n Mean ICC Range n Mean CV Range n Mean ES Range
iLoad | 9.77% — | —0.16 —
Iron Path

Metric 3 0.92 0.86-0.94 3 10.35% 5.12-16.53%

My Jump Lab 7 0.95 0.83-0.98 6 7.36% 4.08-12.20%

WL Analysis

QwikVBT

Pooled

Study-level means were calculated by averaging all values within a study before pooling across studies to derive application-level estimates. ICC, intraclass
correlation coefficient. CV, coefficient of variation. ES, effect size. n, number of studies. —, single study (range not applicable).

(Vitruve), My Jump Lab (v8.1) produced less accurate peak
velocity estimates in squat and bench press, with substan-
tially larger measurement errors than the reference device
(LVT; T-Force).'® Load-dependent validity patterns were
also observed when validating Metric (v4.5.0) against a
Vitruve LPT during bench press: poor agreement at light loads
(40% 1IRM: r=0.28) but improved validity at moderate and
heavy loads (60% 1RM: r=0.79; 75% IRM: r=0.81).

Exercise-specific validity patterns were evident in
weightlifting movements. When compared against three
LPTs (GymAware, Vitruve, Graxity Box) and a laser optic
device (Kinetic Flex), WL Analysis demonstrated higher
validity than Vitruve and Kinetic Flex in the snatch (bias
=2.76% at 40% 1RM; 3.47% at 70% 1RM). However,
clean error was significantly higher (bias =6.23% at 40%
1RM; 10.55% at 70% 1RM).**

Systematic underestimation of peak velocity was
reported across multiple studies.***> Hardware factors
including sampling rate and shutter speed may contribute,
as lower frame rates reduce temporal resolution and inad-
equate shutter speeds introduce motion blur. Both of which
can compromise measurement accuracy during ballistic
movements. Recent updates to Metric have introduced
advanced camera settings to address these limitations; how-
ever, independent validation is still required.

Displacement. Displacement validity was assessed across:
Iron Path'? and Metric.'*!20%3

Exercise-specific validity patterns varied substantially
between applications. Metric demonstrated highest validity
in squat, followed by bench press and deadlift.'®!>2%-2
Iron Path demonstrated a contrasting pattern, with highest
validity in conventional and sumo deadlift, followed by
front and back squat.'?

The magnitude of exercise-dependent variation for
Metric was considerable. Validity ranged from squat (CV
=1.52%) to bench press (CV =5.25%) to deadlift (CV =
25.8%).%° Similar patterns were observed across other stud-
ies, with highest agreement in squat and significantly lower
validity in bench press.'*! In contrast, Iron Path demon-
strated highest validity in deadlift (SEM =0.020-0.042 m)

compared to squat (SEM=0.057-0.061 m),
assessed in only one study.'?

Displacement validity may be particularly sensitive to
limitations inherent in 2D video analysis. Single-plane
tracking cannot distinguish anterior-posterior barbell move-
ment from vertical displacement, meaning horizontal bar
path deviations or lifter rotation may be incorrectly regis-
tered as vertical displacement. Parallax error—wherein
measurements taken at an angle differ from perpendicular
measurements—distorts apparent barbell position.*® This
positional distortion may compromise identification of
movement initiation and termination points, specifically
when combined with velocity detection thresholds that
rely on detecting when barbell velocity exceeds 0.1 m/
s.'%2°  Pixel-scaling errors further affect accuracy.”'
Because displacement is calculated from movement start
to end points, errors in these measurements directly affect
total displacement. These limitations may therefore have a
more pronounced effect on displacement than velocity
metrics, partially explaining the greater exercise-dependent
variation observed across the same studies.'*'>-°

though

Reliability

Mean velocity. Mean velocity reliability was assessed
across: Metric'****° and My Jump Lab.%!7~19:2122.26

Metric demonstrated progressive improvements in mean
velocity reliability across software versions. Early versions
(v0.5.4) showed unacceptable reliability across squat,
bench press, and deadlift, with slow bench press performing
poorest (ICC=0.79, CV =24.4%).'"* Later versions
showed clear improvements, with v4.5.0 achieving accept-
able reliability in bench press across all loads (ICC =
0.929-0.952, CV =3.91-7.09%),% and v4.8.1 achieving
near-perfect reliability in squat (ICC =0.994, CV =3.8%)
and acceptable reliability in bench press (ICC=0.981,
CV =7.5%).2° Deadlift reliability remained problematic
across versions, with v4.8.1 still demonstrating unaccept-
able performance (ICC=0.941, CV=13.2%; SDC =
0.13 m/s).%°

My Jump Lab demonstrated acceptable but load-
dependent reliability, consistently performing below
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LPTs. In bench press, reliability decreased as load
increased, from 40% 1RM (CV=8.17%) to 75% 1IRM
(CV =13.55%)."® Similar load-dependent patterns were
observed in back squat, where reliability was comparable
to PUSHbody.'” My Jump Lab (v4.0) demonstrated accept-
able reliability across back squat (ICC =0.981), bench press
(ICC=0.974), and hip thrust (ICC =0.961), outperforming
Beast Sensor devices but remaining below GymAware.'’

Version-specific differences for Metric highlight the
influence of software updates on measurement perform-
ance, with progressive improvements from v0.5.4 to
v4.8.1 underscoring the importance of consulting version-
specific validation research. Comparisons with IMU
devices should be interpreted cautiously, as IMUs rely on
similar velocity-based thresholds for repetition detection
and face comparable challenges identifying movement ini-
tiation and termination from acceleration data.

Peak velocity. Peak velocity reliability was assessed across:
Metric,>> My Jump Lab,'® and WL Analysis.*

Peak velocity reliability was generally acceptable, but
SDC values were a concern at higher velocities. My Jump
Lab (v8.1) demonstrated acceptable reliability in back squat
and bench press (ICC=0.972 and 0.993; CV =5.02% and
5.79%, respectively), though SDC values increased with
velocity, ranging from 0.18-0.31 m/s in bench press and
0.25-0.35 m/s in back squat.'® Metric (v4.5.0) showed a
similar load-dependent pattern, with lower reliability at
light loads (45% 1RM: ICC=0.893) than heavy loads
(60% IRM: ICC =0.966; 75% IRM: ICC=0.921).>> WL
Analysis was the exception, demonstrating highly consist-
ent measurements across both the snatch and clean at
40% and 70% 1RM (SDC=0.01 m/s).>*

Smartphone applications exhibit relatively large SDC
values for peak velocity, suggesting individual measure-
ments may be influenced by measurement error. Although
reliability was high for the snatch and clean, it remains
unclear whether this reflects genuinely consistent tracking
or is partly a consequence of lower frame rates, which
may limit sensitivity to rapid velocity fluctuations.**

Displacement. Displacement reliability was assessed across:
Metric, 142025

Exercise-specific reliability patterns were evident,
though findings varied by assessment method and applica-
tion version. Inter-device reliability between two Metric
(v4.8.1) devices demonstrated acceptable reliability in
back squat (ICC=0.991; SDC =0.019 m) and bench press
(ICC=0.974; SDC =0.024 m), but unacceptable reliability
in deadlift (ICC=0.753; SDC=0.098 m).>® Test-retest
reliability for Metric (v0.5.4) was unacceptable across all
exercises (ICC < 0.900) for both fast and slow movement
velocities, with the slow bench press condition demonstrat-
ing poorest reliability (ICC =0.67, CV =7.6%).'* In con-
trast, Metric (v4.5.0) demonstrated acceptable test-retest

reliability in bench press across all loads (ICC =0.954—
0.974; CV =3.07-3.91%).%

Displacement  reliability =~ demonstrated exercise-
dependent patterns, with most consistent performance in
squat, followed by bench press, and poorest reliability in
deadlift. This likely reflects the technical challenges of
tracking concentric-eccentric displacement with single-
camera systems, compounded by parallax error and velocity
detection thresholds.”® Some manufacturers recommend
positioning the camera closer to the ground for deadlift
assessments to mitigate these effects*'—though whether
this improves measurement performance remains
unexamined.

Guidance for research and practice

Smartphone-based VBT applications continue to evolve,
with expanding capabilities and increasing practitioner
adoption in applied settings. Despite ongoing technological
improvements, acceptable validity and reliability depend on
appropriate implementation. These tools remain con-
strained by single camera 2D methodologies that introduce
visual distortions and contribute to measurement variability.
Application-specific algorithms may mitigate these errors
but cannot eliminate them. Practitioners must therefore
understand both the technical limitations of these technolo-
gies and the implementation strategies that optimise meas-
urement performance.

Implementation considerations

Camera positioning directly influences measurement per-
formance and repetition detection capabilities.'*'>*° To
minimise visual distortion, optimal placement generally
involves aligning camera height with the midpoint of the
barbell’s range of motion and maintaining the barbell
centred within the frame. Indeed, precise implementation
may require familiarisation with individual lifter displace-
ment characteristics. Correct setup should aim to minimise
angular distortions—pitch (vertical tilt), yaw (horizontal
rotation), and roll (lateral tilt)}—with pitch and yaw particu-
larly contributing to parallax error. Incorrect setup can
exacerbate false-positive (phantom repetition) and
false-negative (missed repetition) detections.
Environmental factors, including lighting and background
contrast, may further influence measurement reliability—
though these effects remain unexamined.

Positional exceptions may apply for concentric-first
exercises such as the deadlift, where slow repetition initi-
ation may warrant prioritising accurate repetition detection
over minimising visual distortion. Positioning the camera
slightly below midpoint can improve detection in such
cases. Though this trade-off requires further investigation,
particularly for weightlifting movements with larger dis-
placement ranges. Where time or resource constraints exist,
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adherence to application-specific positioning guidelines
remains the practical recommendation.*!

Smartphone-based VBT applications demonstrate meas-
urement variability that practitioners should account for
when interpreting data. Wide limits of agreement and rela-
tively large SDC values indicate that whilst these tools gen-
erally demonstrate acceptable validity, reproducibility for
individual repetitions is limited. Consequently, changes
below the SDC may reflect measurement noise rather than
true performance adaptations, and reliance on single mea-
surements may lead to inappropriate training decisions.

Practitioners should consult validation research specific
to their chosen application and training context, as measure-
ment performance varies across different application ver-
sions, exercises, and loading conditions. Emphasising
trends across multiple repetitions rather than single mea-
surements can mitigate the impact of measurement variabil-
ity. Consistent implementation protocols—including
standardised camera positioning, environmental control,
and adherence to manufacturer guidelines—improve the
reliability of within-athlete monitoring and may support
evidence-based training decisions.

Recommendations for future research

Several research priorities emerge from the current evi-
dence. Future validation studies should employ larger par-
ticipant numbers and increased repetition counts to
strengthen statistical power, as some included studies
reported 90% confidence intervals below conventional
thresholds.'>*? Reliability research should emphasis inter-
device comparisons, since test-retest designs are inherently
susceptible to biological variability that may obscure true
measurement error.*

Validation research should expand beyond traditional
powerlifting movements to include weightlifting deriva-
tives and exercises with higher velocities and complex bar
paths. Coverage of the velocity spectrum should extend
from maximal 1RM efforts to velocities exceeding
1.25 m/s to clarify whether measurement performance var-
ies by barbell kinematics, velocity characteristics, or move-
ment phase structure (concentric-eccentric  versus
eccentric-concentric). Studies employing multiple applica-
tions, exercises, and loading conditions would enable direct
performance comparisons and strengthen the generalisabil-
ity of findings.

Future studies should systematically address limitations
inherent to 2D video analysis. Experimental investigation
of parallax error, camera height, angle, and distance devia-
tions, and environmental factors would quantify their indi-
vidual and interactive influences on measurement accuracy
and repetition identification. Additionally, reporting repeti-
tion misidentification events is essential to clarify whether
reliability limitations arise from algorithmic, setup-related,
or detection-specific factors—as highlighted in prior

research.'*'>?® Such research would establish empirical
thresholds for acceptable setup variation, enabling practi-
tioners to distinguish unavoidable methodological con-
straints from modifiable factors.

Device and platform comparisons represent an important
research gap. Direct evaluations of identical applications
across i0S and Android platforms would determine
whether hardware specifications or software implementa-
tion differences influence measurement accuracy. Given
frequent software updates that modify tracking algorithms
and processing methods, ongoing validation of new appli-
cation versions is essential. Video-import capabilities offer
methodological —advantages here, enabling direct
between-application comparisons using identical footage
and isolating software-specific measurement differences.

Collectively, addressing these priorities would provide
practitioners with robust, context-specific evidence to sup-
port informed measurement interpretation, optimise imple-
mentation protocols, and identify modifiable factors
amenable to software or procedural refinement.
Application developers are likewise encouraged to maintain
detailed, publicly accessible software-update logs, as trans-
parent documentation enables users and researchers to inter-
pret version-specific performance changes and attribute
improvements or discrepancies appropriately.

Limitations

This review acknowledges several methodological limita-
tions. First, all screening, data extraction, and quality
assessments were conducted by a single author. This intro-
duces a potential risk of bias in study selection and data
interpretation, as independent dual-screening is considered
best practice in systematic reviewing. Whilst efforts were
made to mitigate this through strict adherence to predeter-
mined eligibility criteria and use of validated quality assess-
ment tools, this remains an acknowledged limitation of the
review. Second, potential publication bias warrants consid-
eration, particularly as multiple included studies disclosed
conflicts of interest involving application developers or
affiliated authors,'®!'"1921:22 whilst others provided no con-
flict of interest declaration.”'* Industry affiliations may
have introduced bias within individual studies and, conse-
quently, into this synthesis. Third, continuous software
updates limit the generalisability of findings. Reported per-
formance may not reflect current application versions,
restricting applicability to contemporary practice. Fourth,
the statistical methods employed across studies impose add-
itional constraints. This review relied on correlation coeffi-
cients (r), coefficients of variation (CV), and effect sizes
(ES) for validity appraisal, and intraclass correlation coeffi-
cients (ICC), CV, and ES for reliability appraisal. Although
these represent traditional and widely accepted measures,
several studies reported alternative or incompatible statis-
tical approaches and were therefore excluded from formal
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recommendation. Practitioners should consult validation
research specific to their chosen application and training
context, and monitor software updates that may affect meas-
urement performance.

Conclusion

This systematic review synthesised evidence on the concur-
rent validity and reliability of six commercially available
smartphone-based VBT applications for measuring barbell
velocity and displacement. Four applications (iLoad,
Metric, My Jump Lab, and WL Analysis) demonstrated
acceptable validity, whilst two (Metric, My Jump Lab)
demonstrated acceptable reliability. No application met
research-level reliability criteria, consistent with their
design as field-based monitoring tools rather than
laboratory-grade devices. Measurement performance varied
across applications, exercises, and loading conditions.
Current smartphone-based VBT applications appear suit-
able for recreational and field-based applied settings,
though not high-precision research contexts. Practitioners
should evaluate measurement performance specific to their
training context and account for inherent measurement
error. Future research should prioritise validation of contin-
ued application updates across varied training contexts and
hardware and software configurations.
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