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Abstract 

Study aim: This study compared movement velocity and force-velocity profile parameters measured by a free video analysis 
software program, with the use of a high-speed video recording, and a validated linear position transducer (LPT).

Material and methods: Ten team-sports athletes performed double-leg and single-leg ballistic lower limb extensions on a leg 
press machine against a wide range of resistive loads. Each repetition was recorded by the LPT a high-speed camera (300 fps), 
and later analysed with a free video analysis software program.

Results: Mean and peak movement velocity presented high reliability (ICC: 0.990 and 0.988, p < 0.001) and agreement between 
the two measuring systems (systematic bias: –0.06 ± 0.04 and –0.01 ± 0.03 m/s, respectively). Force-velocity profile param-

eters were also similar: maximum velocity at zero load (Vo: 1.79 ± 0.15 vs. 1.78 ± 0.12 m/s, p = 0.64), slope (b: –1585 ± 503 
vs. –1562 ± 438 N · s/m, p = 0.43), maximum force at zero velocity (Fo: 2835 ± 937 vs. 2749 ± 694 N, p = 0.41) and maximum 
power (1274 ± 451 vs 1214 ± 285 W, p = 0.38). Both measuring systems could similarly detect the individual force or velocity 
deficit (p=0.91).
Conclusion: In conclusion, a free video analysis software combined with a high-speed camera was shown to be a reliable, ac-

curate, low bias and cost-effective method in velocity-based testing.

Keywords: Force-velocity relationship – Velocity-based training – Power training

Introduction

Velocity based resistance training (VBRT) is a new 
popular method used by strength and conditioning coach-

es to minimize and control neuromuscular fatigue during 
strength training and maximize strength and hypertrophic 
adaptations [24]. VBRT typically involves the utilization 
of a linear position encoder or a linear velocity transducer, 

to monitor the velocity of movement of the barbell in eve-

ry repetition when the participant is performing resistance 

exercise and thus to optimize the volume load via a per-
centage drop of velocity from the fastest repetition [2, 13]. 
Generally, linear position or velocity transducers are con-

sidered reliable and accurate devices [9, 10, 13, 23]. How-

ever, their high cost and difficult portability, as well as the 
requirement to operate them using a computer or tablet 
makes their use at certain circumstances, not so easy for 

practical use. On the other hand, high speed video cameras 

(included in smartphones) in combination with kinematic 
software or smartphone applications are more affordable 
and easy-to use, while their video capturing systems are 

able of high speed recording (120–300 frames per second-
fps) compared with the standard types of video cameras 

(30 fps), thus allowing for more accurate measurements 
[4, 17, 25, 34].

Some studies examined the relationship between smart-
phone applications and linear position transducers (LPTs) 

and found that the validity of applications depends on the 

recording frequency of the camera [3, 17]. For example, 
Kasovic et al. [17] measured the average concentric ve-

locity with a smartphone application and compared the 

values with the validated linear position transducer dur-

ing the front and back squat and conventional and sumo 
deadlift. The authors found that the smartphone applica-

tion gave significantly lower average concentric velocity 
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values compared with the validated linear position trans-

ducer [17]. However, the authors stated that the recording 
speed of the camera was very low (i.e. 30 fps), and this ex-

plained the lower velocity values. In contrast, Balsalobre-
Fernandez et al. [3] compared a LPT with another smart-
phone application with a recording speed of 240 fps and 
found that the smartphone application was valid, reliable, 
and accurate for the measurement of barbell velocity in 
the bench-press, full-squat, and hip-thrust exercises.

Recently, simple methods of measuring movement 
velocities during resistance exercise have enabled the fre-

quent and easy determination of the force-velocity profiles 
[12, 16, 27, 29, 36, 37] and load-velocity relationships in 
order to create generalized equations for the estimation of 
maximum strength (1RM) and %1RM from movement 
velocity [7, 11, 14, 15, 21, 26, 28, 32, 33, 35]. These ap-

proaches provide strength and conditioning coaches with 

useful information to monitor adaptations and adjust 

strength training programs. In the literature, there is no 
study that has evaluated the movement velocity and force 

– velocity parameters on different devices (LPT and vid-

eo), using different software applications, including free-

of-charge solutions. This would provide practitioners with 

a useful, effective and low-cost approach, for monitoring 

training and performance during resistance training. There-

fore, the aim of this study was to compare the movement 

velocity and force – velocity profile parameters measured 
by a free video analysis software program (VA) with the 
use of a high recording speed (300 fps), with a validated 
linear position transducer (LPT).

Material and methods 

Experimental design

Ten team sports athletes (5 males and 5 females age: 
23.3 ± 4.1 years, body mass 68.9 ± 9.3 kg, basketball, and 

soccer players) performed double and single leg concentric 
ballistics extensions on a leg press machine (Leg-press, 
Super-Sport SA, Greece) in a series of 5 different loads pro-

viding a wide range of mean velocity values of the move-

ment (0.34–1.53 m/s), with loads ranging from 35 to 106 
kg. The leg press machine allows movement in only one 

direction compared to the free weights which do not follow 

a predetermined path, making the evaluation more reliable 
[8]. Also, even novice participants can perform maximal-ef-
fort ballistic extensions in contrast with other exercises such 
as squat jumps (using free weights or in a smith machine) 

which require a level of skill in order to have correct execu-

tion [21]. Each repetition was simultaneously recording us-

ing a LPT (Tendo Power Analyzer System v. 314, TENDO 
Sports Machines, Trencin, Slovak Republic) and a high-
speed camera. Movement velocity and force were obtained 
from the LPT software. The video analysis was performed 

using a free software program (Tracker 5.0.6), and velocity, 
acceleration and force were then calculated. Force-velocity 
parameters were also calculated and compared using the 

LPT and video analysis data.

Subjects

Ten team sport athletes (basketball and soccer, 
5 males and 5 females) participated in this investigation 
(23.3 ± 4.1years, 69.3 ± 8.5kg). After a thorough explana-

tion of the testing protocol, the possible risks involved and 
the right to cease the participation at will, a written informed 

consent was obtained from each participant. All procedures 
were performed in accordance with the principles outlined 

in the Declaration of Helsinki and were approved by the lo-

cal ethics committee (ref. number: 1145/19).

Procedures 

On the first two visits, participants were familiar-
ized with the ballistic movement on a leg press machine 
(Fig. 1). Participants were seated on a leg machine which 

Figure 1. Leg press machine ballistic extension
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consist an immovable chair seat with the seat inclined back 
at 110o allowing the leg extension in a diagonal direction 
(45o), pushing a weight rack platform. Three days after the 

last familiarization visit, the main testing session was con-

ducted. Participants were fastened on the seat to eliminate 

any other movement. Knee angle was set at 108 ± 2o corre-

sponding to a push off distance 20 ± 2cm calculated as the 
displacement of the platform from the starting position un-

til full knee extension with lower limb at maximal plantar 
flexion [30]. Prior to the main testing, the individual push 
off distance was calculated as mentioned above. On the 
main test session, participants executed firstly 2 trials of 
double-leg extensions with 5 different and increasing loads. 
This was followed by single-leg trials (two for each leg), 
against 5 different and increasing loads. Resistive load was 
calculated in the direction of movement load [(i.e. load x 
sin(45o)]. For females, resistive load in the first double-leg 
and the first single-leg extension was 42.5 kg and 35 kg, 
respectively. Thereafter, load was increased by 11.25 kg, 
resulting in a range of 42.5 to 87.5 kg for double-leg trials 
and 35 to 80 kg for the single-leg trials. For males, resistive 
load in the first double-leg and the first single-leg extension 
was 46.25 kg and 35 kg, respectively. Thereafter, load was 
increased by 15 kg, resulting in a range of 46.25 to 106.15 
kg for double-leg trials and 35 to 100 kg for the single-leg 
trials. The rest interval was 2 minutes between repetitions 
and 5 minutes from double to single leg repetitions. Be-

fore each familiarization and testing session, participants 
performed a standardized warm-up consisting of 10 min-

utes of light cycling against a standard load (60 W) and 5 
minutes of dynamic stretching of the lower limb muscles. 
Participants were asked to avoid any exercise for 48 hours 
before and during testing procedure.

Measurement equipment and data acquisition

Each of the 300 repetitions (10 trials double leg and 
10 trials each single leg) was simultaneously recorded us-

ing a linear position transducer (Tendo Unit; Trencin, Slo-

vak Republic) and a high-speed camera (Casio Exilim Pro 
EX-F1) with a sampling frequency 300 fps. LPT instan-

taneous displacement, velocity and force were obtained 
every 1cm via the provided Tendo software. A marker was 
placed on the leg press machine and videos were analysed 

with a freely available software program (Tracker 5.0.6) 
providing a semi-automatic tracking displacement – time 
function at 300 fps, which was checked by visual observa-

tion of displacement – time data on a graph. Each video 
analysis was preceded by a calibration using a reference 
system of 1 m including vertical and horizontal segments 
in the movement plane. The time – displacement data 
from tracker were imported into a spreadsheet to calcu-

late instant velocity and acceleration from the derivative 

of the displacement – time (V = ds/dt) and velocity – time 
(a = dv/dt) data. Instantaneous force was calculated from 

the equation: F = load*g + load*a (where a = acceleration 
and g = 9.81 m/sec2). The start of the movement was set 

at the point where displacement exceed 0.005 m. Raw data 
were filtered using a low-pass, 4th order, zero lag But-
terworth digital filter with a cut-off frequency of 8 Hz. 
Movement velocity was calculated as the mean velocity 

(Vmean = push off displacement/push off time) and peak 
velocity (highest velocity value), while force was taken 

as the average force during the push off. Force-velocity 
profile parameters were assessed from the double leg data 
using the average values (2 trials for each load). The lin-

ear regressions were extrapolated to determine individual 
Fo (intercept), b (slope of the regression), Vo = Fο/b and 
Pmax = FoVo/4. Optimum slope of the force-velocity re-

lationship (FVopt) and force-velocity imbalance (FVimb = 
b/FVopt*100) were calculated from the equations Samozi-
no, Morin and colleagues [22, 31] with values higher than 
100% indicating a velocity deficit and lower than 100% 
indicating a force deficit.

Statistical analyses 

The reliability of peak and mean movement velocity 
for all LPT and all high-speed camera trials, was exam-

ined using a two-way mixed intraclass correlation coeffi-

cient (ICC) model. Reliability and accuracy of movement 
velocity between the two measuring systems was exam-

ined from all repetitions (2 trials each load n = 300). Rela-

tive reliability was assessed with linear regression through 
the correlation coefficient (R) and the standard error of 
estimate (SEE) [1]. The agreement – accuracy between 
both devices for movement velocity was examined with 
Bland-Altman plots using the mean difference of the two 
systems and 95% limits of agreement (LoA) [5]. The pres-

ence of fixed bias was examined with one sample t-test 
of differences and proportional bias from the slope (b) of 
the linear regression between the system means and dif-
ferences [19, 20]. Paired t-tests (N = 10) were conducted 
to compare force – velocity profile parameters (Fo, Vo, 
Pmax, FVopt) between the two systems. For pairwise com-

parisons, effect size was determined by Cohen’s d (trivial: 

<0.2, small: ≥0.2, medium: ≥0.5, large: ≥0.8) [6, 18]. De-

scriptive data are presented as means and SD. Statistical 
significance was accepted at the α = 0.05 level, and con-

fidence limits were set at 95%. Statistical analyses were 
carried out using SPSS (IBM SPSS Statistics Version 25).

Results 

Linear position transducer and VA showed a very high 
reliability (ICC) of mean and peak velocity determina-

tion (Table 1). The agreement between the two systems is 
shown in Figures 2, 3, 4 and 5. The two measuring methods 
were highly correlated (Vmean r2 = 0.97, Vpeak r2 = 0.98, 
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 LPT VIDEO
Variable ICC SEM %SEM ICC SEM %SEM
Vmean 0.990 0.02 2.5% 0.987 0.02 2.7%
Vpeak 0.988 0.035 3.6% 0.992 0.03 2.0%

Table 1. Intraclass coefficient correlation (ICC), standard error of measurement (SEM) and % SEM

Figure 2. Push off mean movement velocity correlation between LPT and high-speed video camera. Filled circles indicate 
double leg and open circles single leg mean velocities. Vmean: mean push off velocity

Figure 3. Push off peak movement velocity correlation between LPT and high-speed video camera. Filled circles indicate 
double leg and open circles single leg mean velocities. Vpeak: peak push off velocity
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p < 0.001). The agreement of mean movement velocity 
between the two devices was examined using a Bland & 
Altman plot, showing low LoA (–0.14 m/s to 0.03 m/s), 
small systematic bias with LPT presenting slightly lower 
values (–0.06 ± 0.04 m/s, CI: – 0.06 to –0.05 m/s, p < 0.05) 
and slightly non-proportional bias (b = –0.007, CI: –0.03 
to 0.01 m/s, p = 0.50) (Fig. 4). The agreement of peak 

movement velocity between the two devices showed low 
LoA (–0.07 m/s to 0.04 m/s), small systematic bias with 
LPT presenting slightly lower values (–0.01 ± 0.03 m/s, 
CI: –0.02 to –0.01 m/s, p < 0.05) and proportional bias 
(b = 0.02, CI: 0.01 to 0.03m/s, p < 0.05) (Fig. 5). Paired 
t-tests on double leg force-velocity profile characteris-

tics showed that there was no difference between the two 

Figure 4. Bland-Altman plot of mean difference, 95% limits of agreement (0.03 to –0.14m/s, black lines) and linear regression 
between LPT and camera for push off mean movement velocity

Figure 5. Bland-Altman plot of mean difference, 95% limits of agreement (0.03 to – 0.14m/s, black lines) and linear regression 
between LPT and camera for push off peak movement velocity
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measuring systems for all force-velocity parameters (Ta-

ble 2). Also, there was no difference in the calculation of 
FVimb (p = 0.68, d = –0.04) between the two measuring 
systems. Four out of ten participants had a balanced force-
velocity profile (FVimb between 90 and 110%), one had 
a mild force deficit (FVimb <90%) and five had a velocity 
deficit (FVimb between 119 and 168%). Both systems of 
measurement could similarly detect the individual force or 

velocity deficit (Table 2). 

Discussion 

The purpose of the present study was to compare the 

movement mean velocity and force – velocity profile pa-

rameters measured by a free video analysis software pro-

gram with the use of a high recording speed (300 fps), 
with a previously validated linear position transducer. The 

results showed that movement velocity was similar when 

obtained using LPT and the VA. Also, both methods pre-

sented high reliability, low LoA and small systematic bias. 
Furthermore, no difference in the force – velocity profile 
parameters was observed between the LPT and the VA.

One possible reason for the high reliability and validity 
of the free video analysis software program might be the 
high recording speed (300 fps) of the camera used to ob-

tain the videos. Kasovic et al. [17] used a regular camera 
operating at 30 fps and found lower average concentric 
velocities when the analysis was performed using a smart-

phone application compared with the values of a validated 

linear position transducer during the front and back squat 
and conventional and sumo deadlift. On the other hand, 

Balsalobre-Fernandez et al. [3] showed that VA was high-

ly valid, reliable, and accurate for the measurement of bar-
bell velocity in the bench-press, full-squat, and hip-thrust 
exercises when the camera operating at 240 fps compared 
with a LPT. Moreover, Perez-Castilla et al. [25] exam-

ined the reliability and validity of two LPTs to measure 
movement velocity during the bench press exercise and 

compared the values with a 3D optical motion sensing 
system which cameras operating at 120 fps. The authors 
found low systematic bias and random errors of the two 
LPTs compared with the 3D optical motion sensing sys-

tem which cameras operating at 120 fps and almost per-
fect relationships (r > 0.99; p < 0.001) [25]. Thus, it seems 
that when using VA for VBT, the camera operating speed 
should be 120 fps or greater.

Regarding the determination of training intensity with 
the use of VA, research has shown that a mean velocity bias 
from 0.13 m/s to 0.20 m/s could cause errors in the estima-

tion of maximum strength (1RM) by 13.9% to 22.6% in 
the bench press exercise [34]. However, in our study the 
differences in mean movement velocity between the two 
measuring systems was small (0.06 m/s). Thus the error of 
estimation of maximum strength with the free software is 
limited to 6–7% [14]. Also, it has been shown that high 
speed video cameras (digital cameras or smart phone cam-

eras) produced significant overestimation (>0.13 m/s) of 
barbell movement velocity especially at high velocities 
>0.8 m/s [34]. In the present study we used ballistic push 
offs, and the greater percentage of muscle actions was 

over 0.8 m/s (Fig. 1) however the difference in mean and 
peak velocity were very small (0.06 and 0.01 m/s, respec-

tively) compared with the above previous studies. A pos-

sible explanation of this result might be that in the study of 
Sanchez-Pay et al. [34] the beginning of the movement was 
considered as the first frame in which the barbell started to 
ascend vertically and at high speeds a lost frame might re-

sult in bigger discrepancy in time and displacement calcu-

lation hence and movement velocity. On the other hand, in 

our study the time – displacement data from Tracker soft-
ware were imported into a spreadsheet and we set a fixed 
starting point of 0.005 m which seems to be methodologi-
cally sound and produce more consistent results.

To our knowledge, there is no study that has investi-

gated force-velocity parameters (Fo, Vo, Pmax) and force-
velocity imbalance (FVimb) between different measuring 
systems. There was no difference in maximum velocity 

LPT VA p value Cohen’s d effect size
Fo [N] 2835 ± 937 2749 ± 694 0.41 0.11
Vo [m/s] 1.79 ± 0.15 1.78 ± 0.12 0.64 0.10
b [N·s/m] –1585 ± 503 –1562 ± 438 0.43 0.05
Pmax [W] 1274 ± 451 1214 ± 285 0.38 0.17
FVimb [%] 115.7 ± 25.2% 116 ± 24.4% 0.91 0.01

Table 2. Force-velocity parameters obtained using the linear position transducer (LPT) and the video analysis (VA) systems 
(mean± SD)

Fo: maximum force at zero velocity, b: slope of the force-velocity relationship, Vo: maximum velocity at zero load, Pmax: maximum power, 
FVimb: force-velocity imbalance
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(Vo), force-velocity slope (b), force-velocity imbalance 
(FVimb), maximum force (Fo) and maximum power 
(Pmax) obtained using the LPT and the VA software pack-

age. This finding is very important, as strength and con-

ditioning coaches or practitioners could test the progress 

of their athletes with the use only of a high-speed camera 

(which could be a smartphone camera) and adjust their 
training goals. Importantly, the automatic-tracking proce-

dure of the free analysis software makes the procedure fast 

and accurate, provided that the appropriate markers and 

calibration are used. Provided that the analysis spread-

sheets are prepared in advance, the video analysis methods 

require time to transfer the videos to a computer, import 

them to the free analysis software, run the auto tracking 

of a position marker and then transferring the data to the 

spreadsheet. It may be estimated that this procedure takes 
approximately 3–5 min per trial. 

In conclusion, this study showed that a free video anal-
ysis software combined with a high-speed camera may be 
a reliable, accurate, low bias and cost-effective method 
in velocity-based testing and training, even when used in 
high speed movements like the ballistic push offs. This 
method could be used to determine exercise intensity and 
to detect changes in the force-velocity profile of athletes 
during resistance training. However, it cannot be used 
for immediate feedback to athletes as it requires certain 
processing steps after the videos are recorded.
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