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The purpose of this study was to investigate the validity of linear position 

transducers (LPTs), The Open Barbell System (OBS) and Tendo Weightlifting Analyzer 

System (TWAS), in comparison to criterion measure Optotrak Certus (OC3D). Further, 

we aimed to compare LPTs against each other. Twenty-five resistance-trained males were 

recruited, and reported to the laboratory for one day of data collection. Subjects 

performed one-repetition maximum ( 1 RM) testing of the squat, then had a standardized 

rest before completing one set to failure with 70% 1 RM. There was no significant 

difference in average velocity (AV) between either LPT vs. OC3D. T-tests revealed 

significant differences between LPTs and OC3D peak velocity (PV) (OBS: p=0.02080; 

TWAS: p<0.01). A significant difference was detected between OBS and TWAS PV 

(p<0.01). OBS and TWAS demonstrated concurrent validity compared to OC3D for AV 

(OBS: p=0.2014; TWAS: p=0.5466). Neither LPT was a valid measure ofPV (OBS: 

p=0.0208; TWAS: p<0.01). 
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I: INTRODUCTION 

The onset of muscular fatigue has been associated with a transient decrease in 

muscle force-generating capacity, which is accompanied by a decrease in maximum 

shortening velocity and diminished power output (3 5). In accordance, barbell velocity 

and power decrease as a lifter approaches a one-repetition maximum (lRM) lift (15). 

Thus, measurement of barbell velocity can be collected during a lift to denote fatigue or 

increased strength and power. Further, this velocity measurement could be used to ensure 

appropriate physiological stress by autoregulating (i.e. adjusting training load) 

accordingly to meet the desired protocol for a specific training session. 

Currently, two criterion measures of concentric bar velocity exist which provide 

an immediate and objective measurement: force platforms and three-dimensional (3D) 

video analysis software. Force platforms calculate average and peak velocity from the 

collection of ground reaction forces (24 ). Three-dimensional visual analysis systems are 

used to calculate velocity from x, y, and z-coordinates (18,22). Specifically regarding 3D 

systems, the Optotrak Certus Motion Capture System (OC3D) (Northern Digital Inc., 

Ontario, Canada) has been shown to be a reliable and valid criterion measurement of 

human kinematic data including velocity (9,33,45). However, despite the validity of the 

criterion measures, the feasibility for an individual to use this equipment is limited due to 

high monetary expense ( -$40,000) and difficulty of use and setup (28), thus this 

equipment is mostly reserved for a laboratory setting. 
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Over the past decade linear position transducers (LPTs) known as the Tendo 

Weightlifting Analyzer System (TWAS) (TENDO Sports Machines, Trencin, Slovak 

Republic) and GymA ware products, which involve attaching a cord to the barbell to 

assess velocity and power, have been used in the scientific literature (1 0,11, 16,20). 

TWAS has been previously correlated with a calibrated dynamometer but never validated 

against a known criterion measure (16). Moreover, while the cost of these units is more 

economical than force platforms or 3D visual systems (i.e. TWAS: >$1,500; GymAware: 

>$2,400), the monetary expense is still considerable for individual usage. Thus, similar 

to criterion measures, these units are typically reserved for research or collegiate and 

professional strength and conditioning settings. It remains equivocal in the literature if 

these units provide comparable feedback to the criterion measures. 

Recently, the resistance training-specific rating of perceived exertion (RPE) scale 

has been demonstrated to be a practical alternative to costly velocity measures to 

autoregulate training load and gauge progress and fatigue during a session ( 49). 

Specifically, this scale has an RPE value corresponding to a number of repetitions in 

reserve (RIR); thus individuals can alter training load based upon the recorded RPE ( 48). 

However, even though this scale itself is objective, it is gauged subjectively, thus 

limitations exist, even though the scale is quite attractive and useful from a practical 

perspective. Nonetheless, an affordable and truly objective velocity calculator would be 

useful to validate an individual's recorded RPE and facilitate training. Due to these 

factors, the Open Barbell System (OBS) (Squats & Science Labs LLC, Seattle, W A) was 

recently developed as an affordable and objective LPT. Similar to TWAS and 

GymAware, OBS is a wired device in which a cord attaches to the barbell; however, it is 

3 



an 'open' system product that can be assembled by the user following available 

instructions. Attractively, the cost of manufacturing the OBS is approximately $70, thus 

the practical usage of OBS could be quite impactful for the individual. However, to our 

knowledge, the validity OBS has yet to be examined. 

Therefore, the primary aim of this study was to investigate the validity of OBS in 

comparison to OC3D criterion measurement. Further, we aimed to analyze the efficacy 

ofTWAS versus OC3D, and to compare OBS and TWAS against each other. It was 

hypothesized that both wired linear position transducers (TWAS and OBS) would 

produce similar velocity measurements to each other; however, the measurements of each 

LPT would be less accurate than the criterion OC3D. 
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II: REVIEW OF LITERATURE 

In order to continually reap the benefits of resistance training, the magnitude of 

individual effort and structuring of training variables must be systematically manipulated 

(26). Alterations in variables overtime allows for gradual increases in stress, which 

"forces" the human body to adapt to the challenging stimuli. This is referred to as 

progressive overload and ensures continual growth by limiting training plateaus (26). 

Parameters of load and speed can be used to gauge the extent of fatigue experienced by 

an athlete, and used to fit the specific goal of a training period (i.e. volume or intensity). 

Fatigue is any exercise-induced reduction in the capacity of the neuromuscular 

system to efficiently produce force or perform work (44). Force-velocity and power

velocity relationships are the ideal parameters for determining optimal conditions of 

muscular work, as all definitions of fatigue involve a decline in force, velocity, or power 

(34,35). The gradual decrease in repetition velocity that occurs during dynamic 

contractions has been interpreted as evidence of impaired neuromuscular function. A 

linear relationship between force and velocity has been reported during multi-articular 

movements (e.g. back squat), which makes it possible to evaluate the strength values 

produced at different loads, and the comparison between sessions over time at a given 

load (34). Therefore, the measurement of velocity with force platforms, 3D analysis, or 

LPTs can provide a relatively simple yet objective means of quantifying level of 

fatigue (35). 
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Neuromuscular Fatigue 

Neuromuscular fatigue is a complex process that arises from a myriad of 

contributing factors. Fatigue exhibits itself as acute impairments in performance, 

including an increase in the perceived effort necessary to exert a desired force and 

subsequent inability to produce said force (2). This appears to be a protective biological 

strategy to prevent irreversible metabolic crises and fiber damage, which could lead to 

cataclysmic consequences, such as continuous ATP hydrolysis, ultimately rigor and cell 

death (19). 

Neuromuscular fatigue arises from various electrical, chemical, and mechanical 

events (43). While much remains unknown about the intricacies underlying the onset of 

fatigue, possible contributing factors include motivation of the individual, reduced neural 

drive, action potential transmission failure, disruption of cellular calcium homeostasis, 

metabolite accumulation (e.g. lactate, hydrogen, etc.), augmented pH (acidosis), limited 

availability of high energy phosphates and substrates (e.g. phosphocreatine, adenosine 

triphosphate, etc.) due to energy turnover, compromised excitation-contraction coupling, 

altered sarcolemma function, and variable motor unit recruitment patterns (19 29,43,44). 

Increasing temperature of skeletal muscle during work might play a role in the rate of 

fatigue, as muscle contractions progressively increase temperature as a function of power 

output and duration, which could lead to an escalated rate of metabolite accumulation 

(19). 

Fatigue can be measured by a gradual reduction of maximum force generating 

capacity, rapid force development, and in turn decreased velocity (43,44). Simply 

training to muscular failure doesn't appear to be an optimal approach due to excessive 
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mechanical and metabolic strain (35); however, monitoring the extent of fatigue within a 

set or training session through the collection of concentric barbell velocity may help to 

ensure appropriate strain on the neuromuscular system. This makes velocity a practical 

and logical parameter to measure the extent of fatigue in order to better structure training 

programs. Additionally, velocity provides important information regarding power; even 

if 1 RM strength doesn't change significantly over a training period, velocity capabilities 

may still have improved at various loads (20). 

Force Platforms to Calculate Velocity 

As previously stated, force platforms essentially measure the contact forces or 

ground reaction forces (GRF) between a body and the ground (i.e. platform), which are 

subsequently used to calculate velocity of a body in motion (24,30). Force platforms 

have been cited as criterion measures of force and velocity during multi-articular 

exercises, such as the barbell back squat (11,47). 

Force platforms typically consist of two main components: A top surface, acting 

as the measuring unit, and multiple force sensors (i.e. transducers) such as strain gauges 

attached inside the measuring component of the platform (30). The sensors are aligned to 

measure various components of force applied to the platform surface: The normal contact 

force in the vertical direction (i.e. VGRF), and the friction force in the antero-posterior 

and medio-lateral directions (30). Essentially, the force from a body causes a non-visible 

deformation or strain on the transducers beneath the platform and this strain will augment 

an electrical current running through each sensor (the greater the strain, the greater the 

change in electrical current). The current from each sensor is amplified, subsequently 

sampled and processed by computer software. The change in electrical current is 
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calibrated to the magnitude of the force causing the sensor to deform (i.e. task-dependent 

calibration), so the output from the initial processing are measures of the force applied by 

the body to the platform surface at each instant of sampling. Newton's 3rd law is then 

used to calculate the forces acting on the body: the force of the ground on the performer 

is equal in magnitude and opposite in direction to the force of the subject on the ground 

(30). 

Thus, measurement of the vertical and horizontal components of GRF can give an 

indication of the total force experienced by a subject, and reflect the total power output 

during an exercise (20). The total force experienced by the musculoskeletal system is a 

combination of the resistive mass (i.e. gravitational forces) and inertial forces from the 

total system mass (TSM) (i.e. barbell and body motion). Gravitational forces are constant 

and dependent on the TSM and its acceleration as a result of gravity; however, inertial 

forces are variable and depend on the TSM and its acceleration as a result of motion. 

From a known mass and net force with respect to time, velocity can be calculated (i.e. v = 

force*time/TSM) (20). Velocity is typically shown in units of meters per second (m·s-1). 

Acceleration is the derivative of velocity, and indicates the rate of change of velocity. 

Because acceleration is a vector quantity (i.e. possesses both magnitude and direction), 

inertial forces can increase and decrease the net force experienced by a system 

throughout the squatting movement (20). Therefore, altering the speed of the repetition 

could be used to manipulate exercise intensity due to the influence of inertial forces on 

the total force experienced by the musculoskeletal system, resulting in greater total force 

during faster motions (3). However, with the use of force platforms significant 
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translations and rotations of body segments may affect the accuracy of the force and 

velocity calculations (3). 

3D Motion Capture Systems to Calculate Velocity 

Three-dimensional video analysis systems have also been cited as a satisfactory 

criterion reference for the measurement of the kinematic qualities of movement including 

velocity (8,36). These 3D visual analysis systems track the change in position of specific 

markers oriented on a body (e.g. joints centers, axes of human limbs, barbell, etc.) in a 

three-dimensional plane, resulting in x, y, and z coordinates. The trajectories of these 

markers are tracked throughout a range of motion to estimate position, velocity, and 

acceleration of the markers, and in turn, the body itself (25). Three-dimensional video 

analysis is sometimes used in conjunction with force platforms in order to better quantify 

torque, work, and power ( 4,46). 

Data from 3D analyses are always associated with some errors, such as system 

error, marker and skin artifact (i.e. noise). Certain other external variables may be 

responsible for uncertainties, such as sensor type, method of application, marker 

configuration, data acquisition conditions, measurement range, object reflectance, spatial 

resolution, and measurement planning (25). Muscle deformations and skin sliding may 

occur during a given motion, which causes the markers to move non-rigidly with respect 

to the underlying bones and joint centers. Because of these potential sources of error, 

motion data is often reported with a standard error of measurement reflecting the 

uncertainty of the measurement caused by skin movement during motion. However, 

utilizing some sort of low pass filter, to reduce marker noise or artifact, often minimizes 

error in motion data (25). 
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Specifically, the Optotrak Certus Motion Capture System (OC3D) has been 

shown to be a reliable and valid measure of human kinetic and kinematic data (40,45). 

This system consists of one tower ( 1126 mm x 200 mm x 161 mm) containing 3 cameras. 

The cameras track the position and orientation of specialized markers in a pre-calibrated 

20 m measurement volume. The system has a resolution of 0.01 mm, a maximum frame 

rate of 4600 (n+ 1.3), and has a marker frequency of 4600Hz (33). 

Linear Position Transducers (LPTs) to Calculate Velocity 

Linear position transducers (LPTs) have been cited as reliable and valid 

measurements of velocity, as compared to the criterion measure of force platforms and 

3D visual analysis systems (11,13). A transducer is a device that converts a physical 

attribute (e.g. change in position of a cable) into another form (e.g. voltage) for various 

purposes including measurement or information transfer (17,20). LPTs generally have 

four main parts: A measuring cable, spool, spring, and a rotational sensor such as a 

potentiometer or encoder. The spring is coupled to spool to maintain tension, and the 

spool is coupled to the shaft of the rotational sensor. As the cable extends along with the 

movable object, it causes the spool and sensor shafts to rotate, thereby sensing 

displacement of the cable (20). The rotating shaft creates an electrical signal proportional 

to the cable's linear extension or velocity (20). 

Velocity is calculated from displacement of the cord divided by time that is 

precisely measured and recorded by the encoder. These calculations are solved by 

differentiation, and the solution to differentiation is called the derivative. Data obtained 

from LPTs quantifying velocity and power relies on double differentiation from the 

displacement, which can reduce the validity of the estimation, as any error in the original 
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differentiation is magnified when further variables are calculated (17,20). The 

displacement signal is made up of a "real" component and a "noise" (i.e. error) 

component. Data smoothing and filtering is required to reduce the effect of errors, as it is 

with visual data. 

The resolution of a transducer refers to the smallest change that can be detected. 

For human power testing, a minimum of resolution of0.01 mm, and a minimum of3.5-

meter cable is recommended (20). Accuracy refers to the maximum amount that the 

output from the LPT deviates from the actual output of a criterion measurement. 

Sampling rate refers to the number of data points collected every second, and is typically 

shown in Hertz (Hz) (i.e. 500Hz= 500 samples per second). A minimum of200 Hz is 

required for human testing; however, 500-1000 Hz is desirable (20). 

There are various styles of LPTs commercially available that may be attached to a 

barbell, weight stack, or the subject. Because LPTs can be directly attached to the 

barbell, it can measure the movement and speed of the barbell itself, or the speed the 

athlete moves the barbell can be directly measured. 

Specifically, the GymAware has been shown to be a valid method of collecting 

kinetic data on resistance training movements, based on the low standard error of 

estimate derived from the criterion reference of video analysis (13 ). This LPT enables 

the measurement of angle, through the use of trigonometry, which allows vertical-only 

displacement to be measured. GymA ware is moderately to strongly correlated with 

corresponding force plate data across various intensities, citing moderate to strong 

relative validity and equivalent absolute validity; however, a systematic bias and 

relatively large random errors have been reported (10). The authors stated that these 
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errors might be caused by movement disparities between the force plate and barbell 

during the exercise (10). The aforementioned study also stated that a larger sample size of 

at least 40 individuals would be needed for validation purposes (10). 

TWAS has also been shown to be a reliable measure of power and velocity and 

strongly correlated with an calibrated dynamometer (16), have high test-retest reliability, 

and be a useful tool for testing athletic performance, and readiness to train (39). 

However, as previously mentioned, it was noted that TWAS might overestimate 

measurements due to increased force output production derived from the double 

differentiation of bar displacement (39). 

Conclusion 

The measurement of velocity is a viable parameter to detect the onset of 

neuromuscular fatigue, and in tum gauge resistance-training progression within a training 

session or over a training period. Although there are many forms of velocity calculation, 

LPTs seem to provide a cost effective alternative to the expensive and cumbersome 

criterion measures of force platforms and 3D visual analysis systems. Additionally, LPTs 

can provide information regarding the assessment of training readiness, and the efficacy 

of training programs, ergogenic aids, and recovery strategies, etc. (20). While the 

resistance training-specific RPE chart is a powerful tool used for autoregulating training, 

as previously stated, it is an objective scale but judged subjectively by the individual 

lifter. The combination of a truly objective velocity calculator and perceived exertion 

data ( 48) may allow individuals to more optimally auto regulate and progress training. 
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III: METHODOLOGY 

Experimental Design 

This study compared average velocity (AV) and peak velocity (PV) 

measurements during the back squat exercise as measured by two linear position 

transducers (LPTs): Open Barbell System (OBS) (Squats & Science Labs LLC, Seattle, 

WA) and Tendo Weightlifting Analyzer System (TWAS) (TENDO Sports Machines, 

Trencin, Slovak Republic) versus the criterion measure of the Optotrak Certus 3D Motion 

Capture System (OC3D) (Northern Digital Inc., Ontario, Canada). 

Subjects reported to the Muscle Physiology Laboratory on one single day for data 

collection (Figure 1 ). Upon arrival to the laboratory subjects completed an Informed 

Consent and all preliminary paperwork, including the Health History Questionnaire and 

Physical Activity Questionnaire. Subjects underwent anthropometric assessments, 

including body fat percentage via skinfold measurements, and then completed a five

minute standardized dynamic warm-up consisting of body weight movements to prepare 

for exercise. Following the dynamic warm-up, subjects performed one-repetition 

maximum (1RM) testing of the back squat. Back squat IRM testing was performed in 

accordance with previously validated procedures ( 49) and to movement standards 

consistent with USA Powerlifting (USAPL) specifications (42). Following 1RM testing, 

subjects had a standardized rest of I 0 minutes before completing one set of the back 

squat to volitional fatigue with 70% of the previously established IRM. During thelRM 
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attempts and each repetition of the 70% set, average and peak velocity (m·s-1
) 

were recorded with all three velocity assessment devices (i.e. OC3D, OBS, TWAS). 

• l'rchmnwy p.1pcrwork lt.c. lnfurmcd 

Consent. llcaltb llistory QucttiuniiOiirc, 

l'b)"Jtcal Actuty QUCJtionnatrcl 

• I Ieight wc1gbL .llllhropomtlnCJ 

• CalcuLate c$1im.ltcd r.qu.u IR~f 

• S·Minutc Sundardi1.cd ()ynanuc Warm· 

up 

• Appro:~~ I hour 

• Spccilk Warm·up w. b.ubcii!Sclf·rc~;ubtcd rc.t penods 

dunng wam1·up rcpctiliunsl 

• Last warm.up set: Begin rccordin; \docuy lOBS. 

TI\'AS,OC3Dl 

• M;mdatory 5· 7 mmutts of rCJttmpiCillflltcd 

• Record \clocit)· for all subsequent I RM anempts until 

new I R~lacquircd 

• Appro:\. I.S·~.s hours 

Figure 1: Time line of Events (One-day Data Collection) 

Subjects 

• Alter I RM acquirN.. IO.minUic 11Wlda10ry 

rc.t period imflltmcntcd 

• Barbell will be INdcd with 7~eofthc 

Nlbjcct's newly found IRM 

• Falisuc Set comflletcd wl side spotters 

• Velocity dal4 will be recorded dllrin; !be 

tcSling protocol for !liter anal)·sis 

Twenty-five college-aged males were recruited for the current study. For 

inclusion, all subjects must have performed the back squat exercise an average of once 

per week for at least two consecutive years as determined via a validated physical activity 

questionnaire ( 49). Subjects who had any contraindications to exercise (e.g. heart 

disease, serious musculoskeletal disorders, etc.), as determined via the Health History 

Questionnaire, were excluded from participation. Additionally, subjects were required to 

refrain from exercise for 48 hours prior to testing session. Finally, the Florida Atlantic 

University institutional review board approved this investigation and all subjects 

provided written informed consent prior to participation. 
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Procedures 

Anthropometric Testing. Anthropometric measurements were performed immediately 

before 1 RM testing to gain further descriptives on the subjects. Height was measured in 

centimeters (em) using a wall-mounted stadiometer and total body mass (BM) was 

measured in kilograms (kg) by a calibrated digital scale. Body fat percentage was 

estimated by using the average sum of two measurements of skinfold thickness acquired 

from three sites (abdomen, front thigh, and chest); if any site was >2 mm different 

between measurements then a 3rd measurement was taken. The Jackson and Pollock 

formula was utilized to compute body fat percentage (23). The same investigator 

administered skinfold measurements for each subject. 

One-Repetition Maximum (1 RM) Testing. Back Squat 1 RM testing was administered in 

accordance with previously validated procedures ( 49). First, subjects performed five 

repetitions with 20% of their estimated 1 RM, followed by three repetitions at 50% of 

estimated 1RM, and two repetitions at 75% of estimated 1RM. Next, one-repetition at 

85% of estimated 1 RM was performed, then load was increased on subsequent attempts, 

at the investigator's discretion, to find the 1RM. To aid in attempt selection, AV and 

RPEIRIR (rating of perceived exertion corresponding to repetitions in reserve) via the 

resistance training-specific RPE scale ( 48) were collected on each 1 RM attempt. 

Additionally, 5-7 minutes of rest were allowed between each attempt. A 1RM was 

accepted as valid if one of three conditions was met: 1) Subject reported a '1 0' on the 

RIRIRPE scale and the investigator determined a subsequent attempt with increased 

weight could not be successfully completed, 2) Subject reported a '9.5' on the RIRIRPE 

scale and failed the subsequent attempt with a load increase of2.5 kg or less, 3) Subject 
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reported a '9' or lower on the RIRIRPE scale and failed the subsequent attempt with a 

load increase of 5kg or less. Finally, calibrated lifting discs and fractional discs (to the 

nearest 0.25kg) were used to ensure accuracy of the load lifted. 

Average Velocity (A V) & Peak Velocity (PV). During all working sets, A V and PV (m·s-1
) 

ofthe barbell were measured by OBS, TWAS, and OC3D. LPTs (OBS and TWAS) 

calculated AV via the equation: dlt (i.e. displacement over time). For OC3D, AV was 

calculated from the observed x, y, and z-coordinates. Both LPTs were attached to the 

right side of the barbell via a Velcro strap, and OC3D was positioned in front of the squat 

rack for data collection as explained below. 

Linear Position Transducers (LPTs). OBS and TWAS consist of two main components, a 

velocity sensor and display unit. The velocity sensors were placed on the floor and the 

cords of the OBS and TWAS were attached to the barbell just inside of the 'sleeve' using 

a plastic clip and a Velcro strap, respectively. The velocity sensor was positioned on the 

floor so that a perpendicular angle between the sensor and barbell was achieved during 

the squat. The investigator manually recorded average and peak velocities from the 

display units. This setup was in accordance with Tendo Weightlifting Analyzer User's 

Guide. Further, both LPTs had a frequency of data sampling every 1 em of displacement 

during the concentric portion of the lift. 

Optotrak Certus 3D Motion Capture System (OC3D). OC3D consists of two main 

components: A tower unit housing three cameras and a specialized sensor. The 

specialized sensor was adhered to the barbell directly on the Tendo's Velcro attachment 

facing the tower. The tower was placed 3.5m directly in front of the squat rack, so that 

the specialized sensor remained visible to the cameras throughout the complete range of 
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motion of the squat. The tower was connected to a computer with specific OC3D 

software that the investigators used to organize and store all samples. 

Regarding OC3D velocity calculation, they-coordinates (i.e. vertical position) 

collected by OC3D were extracted into Microsoft Excel (Microsoft Corp., Redmond, 

W A). Extracted data consisted of x, y, and z-coordinates from all 4 sensors of OC3D 

(i.e. three on the rigid body and one barbell sensor). They-coordinates were marked with 

a frame number, which was divided by the sampling frequency to yield the appropriate 

time stamp. The rigid body coordinates were removed, leaving only the barbell's vertical 

position (y-coordinates) and appropriate time stamp. The Excel file was then imported 

into MATLAB R2016a (The Math Works, Inc., Natick, MA). The program first removed 

negative position values, denoting the eccentric portion of the lift, followed by removing 

any data that was recorded after the completion of the lift (e.g. racking the barbell). 

Instantaneous velocity was calculated by taking the displacement over time between each 

sampled data point. Then, subsequent values were averaged to render A V of the entire 

concentric movement. The maximum velocity recorded during the concentric portion of 

the lift was determined as PV. They-values and time stamps were used to calculate 

instantaneous velocity with the following equation: CYn- Yn+t)/(tn- In+ I), or Position n 

minus Position n+ 1 divided by Time n minus Time n+ 1. In other words, the 

displacement (i.e. change in position) over time (i.e. time it takes to change position) was 

calculated between each data point sampled. Data was sampled at 1OOHz, or 1 00 samples 

per second. 

Physical Activity Questionnaire. Subjects completed a physical activity questionnaire 

prior to testing measurements to obtain greater background information regarding 
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resistance-training history. Subjects provided information regarding number of years of 

involvement in resistance training, along with a description of their current training 

program, and an estimate of current 1 RM back squat. 

Statistical Analyses 

Standard descriptive statistics were utilized to present baseline subject 

characteristics. The magnitude of validity of both OBS and TWAS vs. OC3D were 

determined via the combination of graphical representations (Bland-Altman plots, and 

Mountain plots), independent samples T -tests, standard error of measurement (SEM), 

intraclass correlation coefficients (ICC), Coefficients of Variation (CV), and mean 

percentage difference (MPD). Bland-Altman plots show the absolute differences (A-B) 

plotted against the means of both methods ((A+B)/2). This method was selected rather 

than plotting the differences against the criterion based on previous reports stating that 

method will always show a relationship even in the absence of one (5,6). SEMs were 

calculated via the equation: SD*..J (1-r) (where r =reliability coefficient, Cronbach's 

alpha). CVs represent the amount of variability relative to the mean and were calculated 

via the equation: CV=SD/Mean Percentage Similarity (MPS) (38). MPS between LPTs 

and OC3D were calculated via this equation: (((Method A-Method B)/2/Method A)* 1 00) 

(where Method A is the Criterion reference). The MPD was then calculated by 

subtracting MPS from 100 (Table 4). All statistical analyses were performed using a 

combination of MedCalc 16.0 for Windows (MedCalc Software; Ostend, Belgium) and 

Statistica® 12 for Windows (StatSoft; Tulsa, OK, USA). All levels of significance were 

set at p:S0.05. 

The codes developed in MATLAB R2016a (The Math Works, Inc., Natick, MA) 
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can be used to compute velocity for OC3D when comparing filed methods (or devices) to 

the criterion measure, and can be obtained on request from the authors. 
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IV. RESULTS 

Subject Characteristics and Sample Size 

Twenty-five resistance-trained males participated in the current study. Specific 

subject characteristics can be seen in Table 1. There were 575 total repetitions 

performed, with each subject performing 23±4 repetitions. Number of valid recorded 

repetitions for each device can be seen in Table 2. 

Table 1: Subject Characteristics (N = 25) 

Wilk's Coefficient= Relative strength 
SD = Standard Deviation 
BMI =Body Mass Index 

IRM = Maximum 

Independent Samples T-test & Levene's Test for Equality of Variances. Shapiro-Wilk 

normality tests were initially performed to ensure that all velocity data fit a Gaussian 

distribution {Table 2). Independent-samples T-tests were utilized to detect significant 

differences between AV and PV for all devices, along with Levene's test for equality of 

variances to further detect significant variability between devices (Table 3). There was 

no significant difference in AV measurements between either LPT vs. OC3D. However, 

a violation of homogeneity was detected for PV values between LPTs (OBS: p=0.028 

TWAS: p=0.005) and OC3D. Independent samples t-tests further revealed significant 
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differences for PV between LPTs and OC3D (OBS: p=0.02 1; TWAS: p<O.Ol). A 

significant difference was also detected for PV between OBS and TWAS (p<0.01). 

Table 2: Means, SDs, Ranges, SEM, and Normality fo r al l Instruments 

#of Mean± Min Max Shapiro-
P value SEM 

Samples SD (m·s-1) (m·s-1) (m·s-1) Wilk 

OC3D (AV) 522 
0.4774 ± 

0.09 0.85 0.9972 0.526* 0.0300362 
0.1345 

558 
0.4878 ± 

0.15 0.86 0.9959 0.154* 0.0300799 
0.1326 

OBS (AV) 

573 
0.4823 ± 

0.18 0.84 0.9937 0.017* 0.0316467 
0.1313 

TWAS (AV) 

553 
0.85 14 ± 

0.29 1.54 0.9957 0.139* 0.0455938 
0.2 124 

OC3D (PV) 

556 
0.8231 ± 

0.35 1.47 0.9949 0.064* 0.0467192 
0.1 95 

OBS (PV) 

573 
0.7801 ± 

0.35 1.37 0.9936 0.0 16* 0.0429211 0. 1893 
TWAS (PV) 

AV = Average Velocity, PV =Peak Velocity 
SD = Standard Deviation 

SEM = Standard Error of Measurement 
* = Acce t Normality 
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Table 3: Independent T-Test 

Data #of Mean 
95°/o CI of Mean Levene Levene P 

T-
p value 

Pair Samples Difference Statistic 
OC3D-

-0.026351 to 
OBS 522/558 -0.010395 

0.005561 
0.073611 0.786 -1.27830 0.201 

(AV) 
OC3D-

-0.020619 to 
0.280452 0.597 - 0.547 TWAS 522/573 -0.004847 

0.010924 0.603083 (AV) 
OC3D-

0.004317 to 
OBS 5531556 0.028338 4.823295 0.028* 2.314749 0.021 * 
(PV) 0.052359 

OC3D-
0.047799 to 

TWAS 553/573 0.071305 7.983586 0.005* 5.951925 0.000* 
(PV) 0.094810 

OBS-
-0.009848 to 

TWAS 558/573 0.005547 
0.020943 

0.068779 0.793 0.706988 0.480 
(AV) 
OBS-

0.020529 to 
TWAS 556/573 0.042967 

0.065405 
0.353165 0.552 3.757156 0.0002* 

(PV) 

A V =Average Velocity, PV = Peak Velocity 

* = Significantly Different 
CI = Confidence Intervals 

Standard Error of Measurement (SEM). The mean A V and PV, along with SDs, standard 

error of measurements (SEM), and ranges for each device can be seen in Table 2. The 

SEM was calculated to describe the error associated with each device. The SEMs for all 

devices were low, but lower for AV than for PV. Thus, low SEMs, suggests minimal 

error associated with each instrument. Importantly, lower SEMs for A V suggest devices 

more accurately assess A V compared to PV. 

Intrac/ass Correlation Coefficients (ICC) & Coefficients of Variation (CV). Table 4 

depicts the intraclass correlation coefficients (ICCs) with 95% confidence intervals, SDs, 

and the coefficients of variation (CV) for each instrument. The ICC values suggest OBS 
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is in good agreement with OC3D, and associated with greater consistency than TWAS. 

Moreover, the large spread of confidence intervals for TWAS PV demonstrates more 

variabi li ty from the OC3D compared to OBS. The CYs for OBS and TWAS were 

relatively low, suggesting minimal variability. The CYs alone, suggest that TWAS is in 

moderately better agreement for both AV and PV, but the low SO and CY values noted in 

Tables 3 and 4 along with large ICCs suggest that both LPTs are in moderate to good 

agreement with OC3D. Specifically, the higher ICCs for OBS suggest it is moderately 

better agreement with OC3D than TWAS. 

Table 4: Mean Percentage Difference Against OC3D 

MPS cv 95% 
Device Pair #of Samples 

(%) 
MPD ± SD(%) 

(%) 
ICC Confidence 

Intervals 

OBS (AV) 522 100.76 0.76 ± 14.57 14.46 0.9364 
0.9143 to 

0.9515 

TWAS (AV) 522 I 0 1.99 1.99± 13.89 13.62 0.8696 
0.8291 to 

0.8987 

OBS (PV) 553 97.36 2.64 ± 12.25 12.59 0.9362 
0.9220 to 

0.9476 

TWAS (PV) 553 96.6 3.40 ± 8.69 9 0.8351 
0.5906 to 

0.9250 
AV =Average Velocity, PV = Peak Velocity 

MPS = Mean Percentage Similarity 
MPD = Mean Percentage Difference 

SD = Standard Deviation 
CV =Coefficient of Variation 

ICC = Intraclass Correlation Coefficients 

Mean Percentage Difference (MPD) & Mean Percentage Similarity (MPS). The MPD for 

A Y of OBS was lower than TWAS. MPD for PV of OBS was also lower than TWAS. 

OBS has slightly higher percentage agreement than TWAS; however, TWAS 
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demonstrates lower SDs (i.e. lower variability) . Importantly, both LPTs show more 

variability for PV than for A V. 

Table 5: Bland-Altman Statistics 

Table 5: Bland-Altman Statistics 
#of 95% CI of 

Data Pair Samples Bias Mean LoA Regression Equation 

OC3D-OBS 
-0.01841 

(AV) 
507 -0.01441 to - -0.1 0, 0.08 y = -0.01863+0.00868x 

0.0104 1 

OC3D-TWAS 
-0.01404 

(AV) 
522 -0.01001 to - -0.1 0, 0.08 y = -0.01 522+0.01079x 

0.005984 

OC3D-OBS 
536 0.03116 

0.02265 to 
-0.17, 0.23 y = -0.03857+0.08285x 

(PV) 0.03967 

OC3D-TWAS 
553 0.06859 

0.06044 to 
-0.12, 0.26 y = -0.0254+0.115x 

(PV) 0.07673 

OBS-TWAS 
0.002856 

558 0.004491 to -0.03, 0.04 y = 0.00839+0.001342x 
(AV) 

0.0061 26 

OBS-TWAS 
556 0.03823 

0.03362 to 
-0.07, 0.15 y = 0.1390+0.02895x 

(PV) 0.04285 

AV =Average Velocity, PV =Peak Velocity 

LoA = Limits of Agreement 

CI = Confidence Intervals 
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Figure 2: Bland-Altman plots comparing LPTs Average Velocity measurements against 
OC3D. Bland-Altman plots depict absolute differences between devices (A-B) plotted 
against the mean of the two devices ((A+B)/2). Plots tightly adhering to the zero 
difference line with narrow limits of agreement and an absence of heteroscedasticity are 
considered to be in good agreement. 
A: TWAS Average Velocity (m·s-1

) 

B: OBS Average Velocity (m·s-1) 

Bland-Altman Plots (Fukey Mean-Difference Plots). Figures 2 and 3 depict Bland-

Altman plots of LPTs vs. OC30, while Figure 4 depicts the LPTs against each other. All 

Bland-Altman plots show an absence of heteroscedasticity (Figures 2-5). Table 4 

displays the relevant Bland-Altman statistics. TWAS and OBS had similar mean biases 

for A V with identical limits of agreement. However, a much larger mean bias was found 

for PV measurements, with larger limits of agreement. 

Both LPTs demonstrate lower mean biases and narrower limits of agreement for 

A V than for PV. The regression equations suggest that PV measurements are associated 

with more random error and systematic bias than for A V calculations. Figure 4 shows 

Bland-Altman plots ofLPTs against each other, which further displays the discrepancy 

between LPTs ability to accurately measure PV. Thus, the agreement between OBS and 

TWAS is stronger for A V than fo r PV. 
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Figure 3 : Bland-Altman plots comparing LPTs Peak Velocity measurements against the 
OC3D. Bland-Altman plots depict absolute differences between devices (A-B) plotted 
against the mean of the two devices ((A+B)/2). Plots tightly adhering to the zero 
difference line with narrow limits of agreement and an absence of heteroscedasticity are 
considered to be in good agreement. 
A: OBS Peak Velocity (m·s-1) 

B: TWAS Peak Velocity (m·s-1
) 

Folded Empirical Cumulative Distribution (Mountain) Plots. Folded Empirical 

Cumulative Distribution plots (or mountain plots) are displayed in Figure 5. For the 

LPTs, AV measurements are unbiased with respect to each other. For PV, OBS is more 

tightly conformed to the zero difference line; however both LPTs have long tails on either 

side of the zero difference line, suggesting a systematic bias of LPTs compared to OC3D. 

It should be noted that TWAS shows greater deviation due to the longer tails for both A V 

and PV. 
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Figure 4:Bland-Altman plots comparing OBS and TWAS against each other. 
Bland-Altman plots depict abso lute differences between devices (A-B) plotted against the 
mean of the two devices ((A+B)/2). Plots tightly adhering to the zero difference line with 
narrow limits of agreement and an absence of heteroscedasticity are considered to be in 
good agreement. 
A: Peak Velocity (m·s-1) 

B: Average Velocity (m·s-1
) 
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Figure 5: Mountain plots of LPTs velocity measurements against OC3D. Mountain plots 
provide information about the distribution of the differences between methods. Tight 
conformity to the zero difference line shows strong agreement. The long tails in the plot 
reflect differences between the LPTs and the criterion reference OC3D. 
A: Peak Velocity (m·s-1) 

B: Average Velocity (m·s-1) 
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V. DISCUSSION 

The purpose of this study was to examine the validity of two linear position 

transducers (LPTs) (The Open Barbell System-OBS and Tendo Weightlifting Analyzer 

System-TWAS), for average velocity (A V) and peak velocity (PV) during resistance 

training in the squat exercise vs. the criterion measure of the Optotrak Certus 3D Motion 

Capture System (OC3D). Our hypotheses were only partially supported. In contrast with 

our first hypothesis, the data revealed both OBS and TWAS to be valid compared to 

OC3D for A V (OBS: p=0.201; TWAS: p=0.546). In support of our hypothesis, OBS and 

TWAS were not significantly different for A V when compared to each other (p=0.480). 

Additionally, as predicted, neither LPT provided a valid measure of PV when compared 

to OC3D according to an independent samples t-test (OBS: p=0.021; TWAS: p<0.01). 

Finally, the LPTs also showed significant differences between each other when 

examining PV through the use of independent samples t-test (p<0.01). 

Average Velocity (A V) 

Independent t-test for both OBS and TWAS demonstrated no significant 

difference (p>0.05) for A V compared to OC3D or compared to each other. Specifically, 

MPS values for LPTs were demonstrated to have close to 100% similarity with the 

criterion OC3D (OBS: 100.76%; TWAS: 101.99%). The MPS of greater than 100% 

indicates that the LPTs consistently report greater values compared to OC3D (37). 

Furthermore, the concomitant high I CCs and low CV s suggest low variability 
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between measurement devices (21,27,37,38,41). Regarding AV agreement, the 

Bland-Altman plots demonstrate good agreement between each LPT and OC3D (Table 

5). The Bland-Altman plots demonstrate narrow limits of agreement with small mean 

biases (Figures 2-4 ), while the mountain plot (Figure 5) suggest that TWAS has more 

error associated with its AV than OBS (12,31). The SEM was calculated and shown to 

be minimal for all devices, but notably smaller for all A V as compared to PV. In the 

current investigation, LPTs have shown to be valid measures of A V. 

Peak Velocity (PV) 

There were significant differences detected between both LPTs and OC3D for PV 

via independent samples t-tests (OBS: p=0.021; TWAS: p<0.01). Levene's test for 

homogeneity of variances was also violated in each LPT (OBS: p=0.028; TWAS: 

p<O.O 1) in regards to PV, suggesting that there is significant variability between LPTs 

compared to OC3D. There was also a significant difference detected by an independent 

samples t-test for PV between OBS and TWAS (p<0.01). MPS for PV between the LPTs 

was relatively high (OBS: 97.36%; TWAS: 96.6%), but the values being under 100% 

similarity suggests that LPTs are under estimating PV compared to OC3D. The ICCs 

suggest that OBS is much more consistent than TWAS for PV (OBS: 0.9362; TWAS: 

0.8351). 

The positive slopes in the Bland-Altman plots for PV in combination with the 

larger spread of data points around the lower mean velocities, suggest that LPTs 

consistently under measure PV at lower velocities as compared to OC3D (Figure 3) 

(1 ,32). The Bland-Altman plot comparing OBS vs. TWAS PV clearly demonstrates large 

limits of agreement (-0.07 to 0.15 m·s-1}, compared to limits of agreement for AV (-0.03 
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to 0.04 m·s-1). The mountain plot shows OBS to be more tightly conformed to OC3D 

with shorter tails, indicating less associated error compared to TWAS (12,31). In the 

current study, LPTs were not demonstrated to be valid measures ofPV. 

Examining Previous Research 

As previously stated, the protocol utilized in the current study consisted of both 

single repetitions (i.e. 1RM attempts) and continuous repetitions strung together (i.e. plus 

set to failure). It should be noted that when a separate analysis was performed without 

the first and last repetitions of the plus set included, the agreement between LPTs and 

OC3D was improved. It is speculated that the tension on the LPTs cord prior to the 

starting motion could impact the measurement on the first repetition of each set; however, 

further investigation is required to answer this question. Even with these repetitions 

removed, LPTs still demonstrated significant differences between OC3D with regard to 

PV. 

Previous research has suggested LPTs to be valid and reliable for both AV and 

PV; however, many of these investigations did not utilize an appropriate statistical model 

to examine agreement (11,13,14). Specifically, various studies have utilized purely 

Pearson Product Moment Correlations, ICCs, or CVs claiming strong agreement (5,27), 

when only a relationship has been identified, not agreement or disagreement. The 

literature suggests that validation protocols seeking to examine agreement between two 

or more devices should utilize a combination of graphical approaches (e.g. Bland-Altman 

plots, mountain plots) and agreement/variability statistics (e.g. T-tests, ICC, CV, SEM, 

MPS, etc.) (21,27,37). For example, the Pearson correlation coefficient measures linear 

association rather than agreement and it has been well-documented that methods can 
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correlate, yet disagree greatly (1,7,27). Therefore, the current study has attempted to use 

robust and more appropriate statistical analyses to make justifiable conclusions regarding 

agreement. 

Limitations 

The main limitation of the present study is the use of human subjects rather than a 

controlled system (i.e. actuator), which can move the cord of the LPTs at a known 

velocity. Consequently, in human subjects, body segment translations, rotations, and 

deviations from vertical motion could have hindered the ability of LPTs to accurately 

measure velocity (16). However, to counter this notion, both OBS and TWAS have been 

designed for use by human subjects in a resistance trained population, thus the 

investigation was carried out to mimic the manufacturers intent. 

Conclusion 

In summary, both LPTs were demonstrated to be valid measures of AV compared 

to the criterion measure ofOC3D. However, LPTs were revealed to have a systematic 

bias, and be highly variable, and in turn not valid for PV when compared to OC3D. 

Importantly, OC3D is of extraordinary cost for the individual and TWAS is likely 

impractical to purchase for many individuals as well. Therefore, in practice it seems that 

OBS is a valid measure of A V, but not PV and may serve as a cost effective alternative 

for the individual as long as the limitations are understood. 

Practically, measures of velocity can gauge resistance-training performance, 

monitor extent of fatigue, and serve as a tool to autoregulate training load on any given 

day. Moreover, if an individual is to implement velocity-based training (i.e. training in 

certain velocity zones), OBS can provide this information for relatively little monetary 
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cost (i.e. $70) compared to the higher priced OC3D ( ..... $40,000) and TWAS ($1,500). 

Individuals could use a combination of velocity and RPE to facilitate an appropriate 

loading strategy. Future research should continue to investigate the reliability ofOBS 

and to examine LPTs for a valid measure of PV. 
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Appendix A: Health History Questionnaire 

Demographics: 

Name: 

Florida Atlantic University 

Health History Questionnaire 

--------------------------- Sport: _____ _ Pos.: 

Date: Age: _____ _ Birth Date: I I ----- ------

Family History: 

Has anyone in your immediate family had any of the following: Please circle yes or no. 

Heart Disease Yes No Diabetes Yes No 

High Blood Pressure Yes No Cancer Yes No 

Stroke Yes No Tuberculosis Yes No 

Sudden Death (before 50) Yes No Asthma Yes No 

Epilepsy Yes No Gout Yes No 

Migraine Headaches Yes No Marfan' s Syndrome Yes No 

Eating Disorder Yes No Sickle Cell Yes No 

Personal History: 

1. Have you ever been hospitalized? Yes No 

Have you ever had surgery? Yes No 

Are you presently under a doctor's care? Yes No 

Please explain and give dates for all "Yes" answers: 
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2. Please list any medications you are currently taking and for what conditions. 

3. Please list any known allergies. 

4. Have you ever had a head injury I concussion? Yes No 

Have you ever been knocked out or unconscious? Yes No 

Have you ever had a seizure, "fit", or epilepsy? Yes No 

Have you ever had a stinger, burner, or pinched nerve? Yes No 

Do you have recurring headaches or migraines? Yes No 

Pleas explain and give dates of "Yes" answers: 

5. Have you ever had the chicken pox? Yes No 

If yes, at what age? ___ _ 

6. Have you ever had the mumps or measles? Yes No 
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7. Do you have a history of asthma? 

8. Are you missing an eye, kidney, lung, or testicle? 

9. Do you have any problems with your eyes or vision? 

10. Have you ever had any other medical problems (mononucleosis, 

diabetes, anemia)? 

11. Have you ever taken any supplements for improved performance? 

12. Are you presently taking any supplements for diet or performance? 

(creatine, protein, etc.)? 

If Yes then what substance? -----------------------

13.What is the lowest weight you have been at in the last year--" 

highest __ ? What is your ideal weight ? 

14. Do you have any trouble breathing or do you cough during or after 

practice? 

15. Have you ever had heat cramps, heat illness, or muscle cramps? 

16. Do you have any skin problems (itching, rashes, acne)? 

Yes No 

Yes No 

Yes No 

Yes No 

Yes No 

Yes No 

Yes No 

Yes No 

Yes No 

Explain all "Yes" answers for questions 5-16:---------------
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17. Have you ever passed out during or after exercise? Yes No 

Have you ever been dizzy during or after exercise? Yes No 

Have you ever had chest pain during or after exercise? Yes No 

Have you ever had high blood pressure? Yes No 

Have you ever been told you have a heart murmur? Yes No 

Have you ever had racing of you heart or a skipped heart beat? Yes No 

Has anyone in your family died of heart problems or a sudden 

death before the age of 50? Yes No 

Have you ever had an EKG or echocardiogram? Yes No 

Explain all "Yes" answers for question 17: 

18. Have you ever sprained I strained, dislocated, fractured, or had repeated swelling or 
other injury of any bones or joints? Explain any "Yes" answers. 

Head/Neck Yes No 

Shoulder Yes No 

Elbow&arm Yes No 

Wrist, hand & fingers Yes No 

Back Yes No 
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Hip I Thigh Yes No 

Knee Yes No 

Shin/Calf Yes No 

Ankle, foot, toes Yes No 

19. What is the average number of hours you sleep per night? ______ _ 

20. What time do you usually go to sleep at night? And, what time do you usually wake-
up in the morning? ______ _ 

21. What time did you go to sleep last night and what time did you wake up this 
morning? ______ _ 

Would you like to speak to a medical staff member regarding any topics or 

concerns? (i.e., nutrition, supplements, drugs, heart problems, weight loss/gain, 

sexual diseases, concussions, etc.,)? Yes No 

If yes then what topic?-------------------

Please sign: 

I hereby state that, to the best of my knowledge, my answers to the above 
questions are correct. 

~thlete's Signature Date Signed 
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Appendix B: Physical Activity Questionnaire 

Think about all the exercise training in which you engage. Use that information to 
appropriately answer the following questions. 

I. Have you competed before in strength competitions? If so, how often? 

Yes or No If so, _________ times/year 

a. Ifyes to #1: How long have you been training for strength competitions? 

_______ years. 

b. If yes to #I: When you compete, which sport do you compete in (Powerlifting, Strongman, or 
Bodybuilding)? 

Event: --------------------------------

2. Are you currently been in engaged in a structured resistance-training program? If so, 
how long? 

Yes or No If so, _______________ years 

3. How many hours of resistance training do you perform on average each week? 

hours/week --------------

4. How many times do you resistance train per week? Please indicate if you do more than once a day. 

________ days/week Average ________ times/day 

5. How many times per week do you perform the following exercises? 

a. Barbell back squat: ____ times/week 

b. Barbell bench press: _____ times/week 

c. Barbell deadlift: times/week -----
6. How many years of experience do you have with following exercises? What is your estimated I RM? 

a. Barbell back squat: years; I RM pounds 
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b. Barbell bench press: ____ years; I RM. ___ -"pounds 

c. Barbell dead1ift: ____ years; I RM ___ __.pounds 

7. Please describe your average resistance training intensity based on your self-estimated maximum load. 

_________ o/o your maximum 

8. Do you incorporate any aerobic training? If so, how many times per week? 

Yes or No If so, _________ times/week 

9. Please describe your average aerobic training intensity on a scale below (as close as 
possible): 

1 2 3 4 5 6 7 8 9 10 

Very Light Light Moderate Intense Very Intense 

10. Please best describe your occupation or daily activities other than your exercise 
training. 

11. Do you have any coaching by a certified professional in general resistance training? 

12. Do you have previous experience using the resistance training-specific rating of 
perceived exertion scale measuring repetitions in reserve (seen below) in your 
training? If so, do you use it frequently, sometimes, or sparingly? And, how long 
have you used it consistently, if yes? 
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RESISTANCE EXERCISE-SPECIFIC RATI G OF J>ERCIEVEO EXERTI01 (RPE) 

Rating 

10 

9.5 

9 

8.5 

8 

7.5 

7 

5-6 

3-4 

1-2 

Description of Perceived Exertion 

Maximum effort 

No f urther repetitions but could increase load 

I repetition remaining 

1-2 repetitions remaining 

2 repetitions remaining 

2-3 repetitions remaining 

3 repetitions remaining 

4-6 repetitions remaining 

Light effort 

Lillie to no effort 

40 



Appendix C: Informed Consent 

RESEARCH SUBJECT INFORMATION AND CONSENT FORM 

TITLE: Validity of Linear Position Transducers versus the Optotrak Certus 3D Motion 
Capture System and efficacy of self-reported repetitions in reserve-based rating of 
perceived exertion 

PROTOCOL NO.: 

SPONSOR: None 

INVESTIGATOR: Michael C. Zourdos, Ph.D., CSCS, Jacob Goldsmith, B.S. 

SITE(S): Skeletal muscle physiology and powerlifting laboratory (GY 170) at 

Florida Atlantic University, Boca Campus. 

STUDY-RELATED 

PHONE NUMBER(S): Michael C. Zourdos: 561-297-1317; Jacob A Goldsmith: 573-

301-4755 

This consent form may contain words that you do not understand. Please ask the study 
investigator or the study staff to explain any words or information that you do not clearly 
understand. You may take home an unsigned copy of this consent form to think about or 
discuss with family or friends before making your decision. 

SUMMARY 

This informed consent provides important information that you need to know for your 
participation in this research study. This study will examine the validity of a linear 
position transducer to calculate velocity versus the criterion measure of three-dimensional 
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motion capture analysis system. In this consent from you will find the purpose, 
procedures, risks, and your rights and responsibilities. Do not sign this consent form 
unless you have had the opportunity to ask questions and have received satisfactory 
answers. If you have questions about your rights as a research subject or if you have 
questions, concerns or complaints about the research, you may contact: Institutional Review 
Board (561-297-0777). 

PURPOSE OF THE STUDY 

The purpose of this research study is to investigate the validity of the Open Barbell 
System (OBS) velocity calculator in comparison to Optotrak Certus 3D Motion Capture 
System (OC3D) criterion measurement. Further, we aim to analyze the efficacy of the 
Tendo Weightlifting Analyzer System (TWAS) velocity calculator versus the OC3D 
system and to compare the OBS and TWAS against each other. Further, this project will 
assess the accuracy of self-reported rating of perceived exertion values during a set of 
back squats. 

PROCEDURES 

If you choose to participate in this study there will be a total of 1 laboratory visit. You 
will be reporting to the laboratory one time that will last approximately 180-240 minutes. 
During your one-time visit there will be several measurements taken including: 

• One-repetition maximum (1RM) strength in the back squat exercise 
• Body composition by skinfold (chest, abdomen, thigh) 
• Anthropometries (height & weight) 

All preliminary measures and data collection will be conducted by the Principal 
Investigators or graduate research assistants working in the Muscle Physiology 
Laboratory. Measurements of body composition, and anthropometries will be completed 
visit prior to 1 RM testing. Before any performance testing, you will perform a 
standardized 10-minute dynamic warm-up routine designed to increase the body's core 
temperature and prepare the muscles for exercises that will be performed. Following the 
warm-up 1 RM testing of the back squat exercise will begin. All 1 RM tests will be 
administered with accordance to the National Strength and Conditioning Association 
(NSCA) guidelines, and all exercises will be performed to the rules set by the United 
States of America Power lifting (USAPL ). After determining the 1 RM in the squat a 10-
minute rest period will precede one set at a specific submaximal load of your newly 
found 1RM to volitional fatigue. Finally, during this set to failure you will verbally report 
when you believe you are at a 5, 7, or 9 rating of perceived exertion (RPE) value. This 
scale is from 1-10 and corresponds to a certain number of repetitions in reserve (RIR), in 
that 9RPE=1RIR, 7RPE-3RIR, and 5RPE-5RIR. Side spotters will be on each side of the 
squat rack to ensure participant safety. 
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For the squat you will stand straight with your hips and knees locked, and the barbell 
placed across your upper back/shoulders. You will then descend with the bending of the 
knees until the top of your leg at the hip joint is below the top of your knee. Then you 
will return to your starting position upon your own volition. The investigators will not 
assistance you with technique, rather during warm-up it will be determined if you can 
meet the movement standards. 

INSTRUMENTATION 

1. TENDO UNIT. Weightlitting Analvzer Tendo Unit (Sorinex Exercise Equipment) 

The Tendo unit is a velocity calculator. The Tendo has a string, which attaches to the 
barbell and to a velocity calculator. This device will provide real-time average velocity 
during each lifting repetition on a display unit, which will then be manually recorded by 
the investigator. 

2. Open Barbell Svstem (Squats and Science) 

The open barbell system is a velocity calculator similar to the Tendo unit in terms of 
function. The open barbell system has a string, which attaches to the barbell and to a 
velocity calculator. This device will provide real-time average velocity during each 
lifting repetition on a display unit, which will then be manually recorded by the 
investigator. 

3. Optotrak Certus 3D Motion Capture Svstem (Parrineton. Ball. and Macmahon. 
2015; Optotrak Certus NDI Manual. 2015). 

The Optotrak Certus is a three-dimensional (3D) motion capture system used to collect 
data on human kinetic and kinematic data (i.e. descriptive data of a body in motion). 
Velocity data will be extracted via computer software in order to calculate barbell 
velocity during the concentric range of motion of the barbell back squat exercise. The 
Optotrak will directly interface with a password-protected computer to store data. This 
computer will be kept in a locked cabinet in the principal investigator's office, when not 
used. 

INCLUSION CRITERIA 

If you would like to participate in this research study you must have performed the back 
squat exercise an average of once per week for at least two consecutive years and must 
have prior experience with the RPEIRIR scale. You must not have any contraindications 
to exercise (e.g. previous heart attack, heart disease, or any serious conditions negatively 
affecting your bones, muscles or joints, etc.). Additionally, you will be required to 
refrain from exercise for 48 hours prior to your testing session. 

RISKS AND DISCOMFORTS 
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Anytime you engage in exercise there are some inherent risks including: muscle strains, 
soreness, or joint aches. Since you will perform resistance exercise, the muscle soreness 
caused by muscle damage may be experienced within 24 to 48 hours. The muscle 
soreness should be eased after 48 or 72 hours. The investigators will assure that you can 
meet the movement standards before proceeding with data collection; however, risk of 
injury is always present during resistance exercise. 

NEW INFORMATION 

You will be told about anything new that might change your decision to be in this study. 
You may be asked to sign a new consent form if this occurs. 

BENEFITS 

The potential benefits to you are: 

COSTS 

• Free measurements of body composition and lRM strength and velocity 
testing 

• Access to calibrated training equipment that is approved by and used 
within the International Powerlifting Federation (IPF) competitive events 

• The findings from this study can be applied to clients or athletes that you 
may coach or train 

No costs will be incurred to you for any lab visits other than the cost of your time. 

CONFIDENTIALITY 

Potentially identifiable information about you will consist of a medical history 
questionnaire and research data sheets. Data are being collected only for research 
purposes. All personal identifying information will be kept in password-protected files 
and a code number will be used for identification purposes. Data records will be kept in a 
locked file cabinet in an office within the department of Exercise Science and Health 
Promotion. Although results of this research may be presented at meetings or in 
publications, identifiable personal information pertaining to participants will not be 
disclosed. 

COMPENSATION FOR INJURY 

Florida Atlantic University has no plan for providing long-term care or compensation in 
the event that you suffer injury because of your participation in this research study. If you 
are injured or if you become ill because of your participation in this study, contact the 
Principal Investigator immediately. Your health insurance company may or may not pay 
for treatment of injuries as a result of your participation in this study. 

VOLUNTARY PARTICIPATION AND WITHDRAWAL 
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Your participation in this study is voluntary. You may decide not to participate or you 
may leave the study at any time. Your decision will not result in any penalty or loss of 
benefits to which you are entitled. 

Your participation in this study may be stopped at any time by the investigators without 
your consent for any of the following reasons: 

• If it is in your best interest 
• If it is for your health and safety 
• You do not follow instructions 
• You do not consent to continue in the study after being told of changes in the 

research that may affect you 
• Administrative reasons require your withdrawal 

SOURCE OF FUNDING FOR THE STUDY 

Funding for this study will be from the F AU Department of Exercise Science and Health 
Promotion. 

QUESTIONS 

Contact Michael C. Zourdos: 561-297-1317 for any of the following reasons: 

• If you have any questions about this study or your part in it 
• If you have questions, concerns or complaints about the research 

If you have questions about your rights as a research subject or if you have questions, 
concerns or complaints about the research, you may contact: Institutional Review Board 
(561-297-0777). 

Do not sign this consent form unless you have had a chance to ask questions and have 
received satisfactory answers. 
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CONSENT 

I have read this consent form (or it has been read to me). All my questions about the 
study and my part in it have been answered. I freely consent to be in this research study. 
I have been provided a copy of this consent form for my records. 

By signing this consent form, I have not given up any of my legal rights. 

Subject name, printed Date 

Subject signature Date 

Signature of Person Conducting Informed Date 
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