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SUMMARY

Strength and power assessments in conditioning practice have typically involved rudimentary measures such as 1
repetition maximum. More complex laboratory analysis has been available but because of the price and
portability of equipment, such analysis remained impractical to most practitioners. Recently, a number of devices
have become available that are reasonably inexpensive and portable and offer a great deal of information that can
be used to guide programming and training to better effect. One such device is the linear position transducer.
This article discusses this piece of technology from its design to how it may be used to inform practice.
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INTRODUCTION

Strength and power are thought critical to many athletic tasks and simple day-to-day activities. To improve the
development of these qualities, it has been proposed that 3 interrelated factors need to be addressed (1). First, the
development of valid and reliable instruments to quantify changes in the expression of strength and power in
movements that are relevant to successful athletic performance. Second, the mechanical and physiological
determinants and adaptations that underlie strength and power development need to be identified, and finally, the
successful implementation of training strategies to enhance strength and power. Clearly development in any 1 of
these 3 areas is contingent on progress in the other 2. For example, the better a practitioner's assessment, the
better their understanding will be of the mechanical and physiological determinants of strength and power. Better
assessment should also guide programming to better effect. With the aim of improving assessment practice in
mind, this article focuses on the use of linear position transducer (LPT) technology in strength and power
assessment because this type of technology is becoming increasingly prevalent not only in research but also in
the training environment. The aim of this article is to foster greater understanding of this technology and its
applications, which will hopefully assist the reader in their mechanical and physiological appreciation of strength
and power and improve strength and conditioning practice.

UNDERSTANDING POSITION TRANSDUCER TECHNOLOGY

The displacement of an object can be directly measured via an LPT. A transducer is a device, usually electrical
that converts a physical attribute (such as change in position of a cable) into another form (e.g, voltage) for
various purposes including measurement or information transfer. Typically the LPT is connected to a personal
computer via a signal conversion box (Bayonet Neill-Concelman (BNC) block). The personal computer is loaded
with software that is generally available or customized for a specific use. Figure 1 illustrates an example setup.

The LPT is basically composed of 4 main parts: measuring cable, spool, spring, and a rotational sensor such as a
potentiometer or encoder (Figure 2). Inside the transducer's housing, a stainless steel cable is wound on a
precisely machined constant diameter cylindrical spool that turns as the measuring cable reels and unreels. To
maintain cable tension, a spring is coupled to the spool. The spool is coupled to the shaft of a rotational sensor
(an encoder or potentiometer). As the transducer's cable extends along with the movable object, it causes the
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spool and sensor shafts to rotate. The rotating shaft creates an electrical signal proportional to the cable's linear
extension or velocity.

As intimated above, 2 types of rotational sensors can be used. A potentiometer is a 3-terminal resistor with a
sliding contact that forms an adjustable voltage divider, producing an output voltage (Vo) that is a fraction of its
input voltage (Vi,). In terms of the potentiometer, the change in voltage from one position to another is calibrated
with the change in displacement associated with that voltage change.

The second type of rotational sensor that is commonly used in the strength and conditioning fraternity is a linear
or rotary encoder. A linear encoder is a sensor, paired with a scale that encodes position. The sensor reads the
scale to convert the encoded position into an analog or digital signal, which can then be decoded into position by
a digital readout. A rotary encoder is an electromechanical device used to convert the angular position of a shaft
or axle to an analog or digital code. An example of a rotary encoder is shown in Figure 2, where a metal disc
containing a set of concentric rings of openings is affixed to the pulley of a seated row machine. A light source
and photodetector array read the optical pattern that result from the disc's position at any one time. To
summarize, a rotary encoder is similar to a linear encoder but measures rotational position, rather than in a
straight line.

Figure 1. Example linear position transducer (LPT) setup. The athlete performs a jump with LPT attached to
waistbelt. LPT (Unimeasure, Corvallis, OR) connected to laptop via Bayonet Neill-Concelman (BNC) block.

FACTORS TO CONSIDER WHEN PURCHASING A LINEAR POSITION TRANSDUCER

Resolution refers to the smallest change that can be detected by a transducer. It has been suggested that for
human power output testing, a minimum resolution of 1/10 of 1% of full scale is required (14). Both the LPTs
shown in the Table satisfy these resolution requirements. In terms of measurement range, the reader needs to be
aware of the distances that they intend measuring and then buy an LPT accordingly. For example, we have had a
50-m LPT constructed for measuring sprint ability. For most weightlifting movements, 3.5-m cables would be
adequate, but always base your purchase/construction on the tallest athlete that you are likely to assess in an
overhead lift. Accuracy refers to the maximum amount that the correct output from the LPT deviates from the
actual output, the standards similar to resolution. As can be observed in the Table, both transducers are similar in
this regard and fulfill the required accuracy requirements. Temperature can affect the accuracy of the output, that
is, changes may be because of temperature rather than actual changes in the measured parameter. The large
thermal ranges that both LPTs can work within without the need of special temperature compensatory circuitry
are shown in the Table. The Table also shows the excitation voltage ranges over which the transducers can
operate. This excitation output is dependent on the power source, with lower voltage requirements enabling the
use of batteries instead of alternating circuit (AC) power.
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DATA COLLECTION AND ANALYSIS

For measuring jump height and related variables, the LPT cable is attached to a bar, for example (3,19,35),
weight stack (8), or attached to the subject's waist (7), allowing displacement-time data to be collected.

Sampling rate

Most devices such as the LPT sample and record data at regular periods throughout the measurement period of
interest. The number of samples or data points collected every second is known as the sampling frequency or
sampling rate and is usually recorded as hertz (Hz), for example, 500 Hz means that 500 data points were
collected in each second of the movement of interest. During the analysis of movement, it is important to be able
to record changes in key variables over a period. That is, if we use a slow sampling rate (25 Hz) for a very fast
movement, it is quite likely that we miss some very important peaks and troughs in the movement. In this
diagram, we note that the peak (e.g., velocity or force) occurs between 2 samples, and therefore, if the peak value
was an important determinant of performance or variable to measure, this sampling rate would not have captured
the true peak value.

Before starting any monitoring or analysis of athletic performance, it is important to give some thought as to the
ideal sampling frequency that should be used. This is usually done by applying the sampling theorem. Interested
readers may want to read more about the sampling theorem, which is sometimes called the Nyquist-Shannon
sampling theorem or the Whittaker-Nyquist-Kotelnikov-Shannon sampling theorem after the scientists credited
with its development. However, for the sake of simplicity, when recording movements that strength and
conditioning coaches are interested in, the minimal sampling rate should be 200 Hz and 500-1,000 Hz is
desirable (20).

Figure 2. Picture of a rotary encoder attached to a pulley system.

Table : Descriptive characteristics of two makes of position transducers

Variable Celesco Unimeasure
Resolution Essentially infinite Essentially infinite
Measurement range 0-250 inches (0-6.35 m) As requested
Accuracy +0.10 to +£0.25% full +0.10 to +£0.25% full
Repeatability +0.02% full +0.015% full
Thermal effects -40 to 90°C -40 to 95°C

Excitation voltages 30 V max 25 V max
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Differentiation

As mentioned previously, the displacement of an object can be measured with an LPT. When velocity is
calculated from displacement and time [velocity = displacement (s)/time (t)] and acceleration is calculated from
velocity and time [acceleration = velocity (v)/time (t)], the mathematics is called differentiation and the
solution of differentiation is called the derivative. The most common method to calculate the derivative is via a
method called the finite-difference technique. In practice, this is a simple method and is based on the equations
for calculating average velocity (Equation 1) or average acceleration (Equation 2).

$—51
fh— 1
First differential of displacement (1)

Average velocity = v,, =

Average acceleration = a,,
1
b1
Second differential of

displacement (2)

Hence, so-called "double differentiation™ of displacement data permits the calculation of acceleration. The
relationship between displacement, velocity and acceleration are shown in Figure 3. Once we have the
acceleration curve, we can calculate all other variables of interest. It should be remembered that acceleration
because of gravity and the acceleration exerted by the individual needs to be factored into the calculations. The
force signal will have the exact shape as the acceleration curve, but every point on that curve will be multiplied
by a scalar, that is, the subject's mass (force = mass x acceleration). For example, if a subject's mass is 100 kg,
every point on the acceleration curve will be multiplied by 100. Further, multiplying the force-time and velocity-
time curves allows the calculation of a power-time curve.

Figure 3. Relationship between position, velocity and acceleration.
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Filtering and smoothing

The displacement signal is made up of a "real"” component and a "noise" or error component; therefore, data
smoothing is needed to reduce the effect of errors. The validity of the LPT to measure force output depends
greatly on the data smoothing and/or filtering procedures used during data analysis because errors are magnified
when first and second derivatives (i.e., velocity and acceleration from displacement data) are calculated. That is,
when finite-difference technique is implemented on the raw displacement data that contains errors, the effect of
the error is magnified in the velocity calculation and magnified even further in the acceleration calculation. The
errors can be reduced by applying an algorithm to smooth (or filter) the data. A common smoothing algorithm is
the Hanning, also described as a "moving average" algorithm, and was used by Cronin et al. (7) to smooth LPT
data with a cutoff frequency of 10 Hz. The algorithm is termed a moving average because it averages the first 3
data points (i.e., points 1, 2, and 3) and then moves on 1 point to average the next 3 data points (i.e., points 2, 3,
and 4) and so on through the data set.

Filters are simply applied using software programs, some of which come with preset filtering options, and other
software programs allow you to change the filter type and cut off frequencies. Simply stated, you use a filter that
smoothes the signal (noise) while not altering the shape of the signal to any great magnitude, for example,
substantially reducing peak values or shifting values to the right or left.

The most commonly used and versatile smoothing algorithm is the Butterworth fourth order (3,15,19). The
Butterworth fourth order is often applied twice to combat the phase shift (data shifted forward in time) in the
signal that naturally occurs when smoothing data. This phase shift is corrected if the algorithm is applied for a
second time in the reverse direction, that is, working from the last data point to the first. This is often called a
Butterworth fourth order zero-lag filter. Oversmoothing however, may induce errors that can be amplified during
derivation. In fact, the use of very low cutoff frequency may alter peak values, especially for acceleration, force,
and power measurement that involve a double derivate (40).

UNDERSTANDING STRENGTH AND POWER MEASUREMENT
Strength and power variables

There is no doubt that if we are to improve strength and conditioning practice, we must begin instrumenting bars
and machines to assess the force-time characteristics of muscle specific to the movement of interest. This
practice is becoming prevalent in professional sporting organizations and regional and national sporting institutes
that are charged with elite athlete development. However, the great diversity in the approaches and terminology
used for studying strength and power do not make for easy understanding or comparisons across research/
laboratories and or institutions. As LPT allows the study of a myriad of strength and power-related variables, this
section briefly introduces some of the issues the reader should be aware of in measurement of the strength and
power variables of interest.

As mentioned in the previous paragraph, there is a great diversity in terminology used by practitioners and
scientists; this diversity is readily apparent when studying the variety of measures used to quantify the force
(strength) capability of muscle. For example, starting strength (force at 30 milliseconds, F30 ms), initial rate of
force development (RFD), and S-gradient for the most part measure a similar construct but use different portions
of the force-time curve (34,37,43). Zatsiorsky (43) used terms such as the index of explosive strength, reactivity
coefficient, S-gradient, and A-gradient to describe various portions of the force-time curve (Figure 4). The index
of explosive strength refers to the ability to exert maximal forces in minimal time. The reactivity coefficient
expresses the index of explosive strength relative to body mass and is reportedly highly correlated to jumping
performance, particularly with body velocity at takeoff (43). The S-gradient characterizes the RFD at the
beginning phase of muscular effort, whereas the A-gradient quantifies the RFD in the late stages of muscular
effort (43). Tidow (37) used different parts of the force-time curve (Figure 5) but talked to similar constructs;
speed strength index = Froa/ Trax; €Xxplosive strength was calculated as the change in force over change in time;
starting strength defined as the force in 30 milliseconds from the onset of the contraction and maximal strength
as the maximum or peak force measured. Young et al. (42) used F30ms, described peak force as "maximum
dynamic strength," defined explosive strength as maximum RFD, and then introduced forces and impulses in
specified times.

Apart from the descriptions and the actual formulae themselves, the reliability and significance of these strength
qualities and their relationships to other strength qualities or functional performance are for the most part
unexplored and therefore confound understanding in this area. A comprehensive understanding of the reliability
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of a measure is important to confidently interpret observed changes as those that are outside (real change) or
within the typical error (TE) limits (18). This is addressed in greater detail later in this article. In addition, if it is
unknown whether a measure is able to discriminate between performance levels within a sport, the importance of
improving results observed in the variable is questionable. Consensus is needed as to the force-time measures of
practical significance and thereafter define and use in a manner that is clear and of value to the strength and
conditioning community.

Power does not seem to suffer from the same diversity of terminology that strength does. Power can be defined
as the rate at which mechanical work is performed or as the product of force and velocity (1). However, the
confusion and lack of understanding is still evident given that the literature dealing with the development of
power tends to use terminology more commonly associated with the force-time curve rather than the power-time
curve. For example, power has been associated with the ability to exert great force in a short amount of time
(impulse) (17) and explosive strength or RFD (13). Newton and Kraemer (29), in considering methods to
increase muscular power, devoted much of their discussion to the importance and development of RFD. Sapega
and Dirillings (32) in a discussion of the confusion that abounds concerning the measurement of power detail
how one set of authors have calculated peak power by dividing peak torque by the duration of the contraction
and 2 other studies have used initial RFD as measures of power. We need to ensure that as strength and
conditioning coaches, we have a clear understanding of kinematics and kinetics and their practical significance in
assessment and programming.

Understanding the importance of kinematics and Kinetics is obvious when studying the implications of the force-
velocity, work-energy, and impulse-momentum relationships. For example, impulse is the product of force and
time or the area under a force-time curve. Impulse seems to get very little press given its functional importance
because the impulse-momentum relationship is fundamental to most movement. That is, the magnitude of the
force and the time over which it acts determine the momentum (mass x velocity) of an object. As the mass of an
object does not change or changes little during an event, impulse profoundly affects the velocity of an object.
Given this information, it would seem logical to assess and develop impulse. However, there seems a
preoccupation assessing other variables, perhaps, which may be less important than impulse.

Figure 4. Schematic of some of the force-time measures adapted from Zatsiorsky (43).
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Figure 5. Schematic of some of the force-time measures used by Tidow (37).
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Point and curve analysis

We contend that even though looking at peak values obtained during athletic movements (e.g., peak force, peak
velocity, peak power, etc) may be of interest, it is possible that by using only 1 point of the movement, important
information may be missed (24). For example, after a training intervention, the peak force of your athlete did not
change; however his/her time to peak force decreased by 50 milliseconds, which for some athletes could be of
major benefit. By monitoring the change in the shapes of the curves, you have far greater insight into the athlete's
progress and your program efficacy. For example, ballistic training or training with chains might have a
rightward shift (A to B) in the force-velocity curve (Figure 6). As such, we can conclude that this type of training
affected the individual's velocity capability more so than force capability of muscle.

Furthermore, we can use curve analysis to predict loads that might maximize a specific adaptation. For example,
to maximize power output, many believe that we should train at the load that maximizes mechanical power
output (Pmax). To determine this, the mean and/or peak powers are calculated over a spectrum of loads (e.g., 10-
100% of 1 repetition maximum [1RM] or body mass) and thereafter a curve generated (16). An example of this
is shown for a competitive rower in Figure 7. The load found to maximize power output of the seated row for
this athlete was 75% 1RM. Other interesting information can be interpreted from the graph such as the plateau in
power output across a number of loads. For this athlete, a change in 10% 1RM either side of the load that
maximized power output resulted in only a 1.7% decrease in power output, perhaps indicating that identifying
Pmax may not be as important as many think, and that a bandwidth of loads can be used depending on the desired
effect, for example, velocity versus force adaptation. It should be remembered that the combination of force and
velocity and the load that maximizes mechanical power output will depend on the contraction type (static versus
dynamic), exercise (flexors versus extensors), the athlete, and their training status.

Figure 6. Isometric and concentric force-velocity relationship of muscle. Also depicted is a rightward shift (A to
B) in the relationship.
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LINEAR POSITION TRANSDUCER APPLICATIONS

Monitoring the progress of an athlete's training is an essential role of the strength and conditioning coach. The
monitoring process allows the efficacy of prescribed training schedules to be evaluated and indicates whether
modifications to these schedules are necessary. The LPT is easily transportable and offers a myriad of
alternatives for field-based assessment of athletes. This section briefly introduces the reader to a range of
potential applications for such technology.

Instant feedback

Many LPT systems now include software that provides feedback on power output in real time. For example, as
an athlete progresses through a set, he/she may receive an audible signal if their power output per repetition
drops below a predetermined level set by their strength coach or a previous best effort. Such feedback provides
motivation to the athlete and quantifiable real-time evidence of training effort level to the coach.
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Power profiling

Normative data on strength performance typically allows only a rudimentary insight into underlying
neuromuscular training adaptations. For example, even if 1RM does not change significantly over a training
period, velocity capabilities may still have improved at various loads. It may be that there should be less
preoccupation with increasing load lifted and greater focus on moving set loads at higher velocity in the
development of explosive muscular performance (15). Strength and conditioning practitioners should therefore
identify how different interventions affect the power-force-velocity-load spectrum or, at the very least, monitor
the velocity changes of set loads. Examination of a range of kinetic and kinematic data with the LPT provides for
a detailed diagnostic and prognostic tool, allowing such an approach.

Profiling power and velocity at different loads with an LPT is also of use for intersubject comparisons. As
illustrated in Figure 8, muscular power and velocity characteristics may be very different even though the
athlete's 1RM scores are the same. Furthermore, if identifying the point on the load spectrum where power is
maximized (Pmax) is Of interest to the practitioner, LPTs also allow a quick and reliable means to determine Ppax
load (16). Practitioners may choose to identify individual and exercise-specific Pn.x l0ads to customize training
prescription rather than arbitrarily setting homogenous group programs regardless of individual differences.
Tracking change in the kinetic and kinematic variables also allows for a better understanding of contraction force
and velocity-specific adaptations.

One repetition maximum prediction from submaximal loads

In settings where it is not practical or desirable to assess 1RM such as working with patients or frail individuals,
monitoring change in Kinetic and kinematic data at light loads may be useful. Estimation of 1RM has typically
been calculated from the number of submaximal repetitions completed to failure (26,30). Recently, it has been
suggested that prediction of 1RM from the submaximal load-velocity relationship may be determined (25). By
measuring velocity with an LPT at 2 or 3 increasing loads, the load-velocity relationship may be estimated with a
regression equation. The slope of this relationship and the intercept point with the load axis should give critical
information for 1RM prediction. Jidovtseff et al. (25), using the bench press exercise, reported a correlation of
0.95 between the actual and predicted 1RM and a standard error of estimate of 3 kg. Moreover, this method
allows for concurrent 1RM prediction and velocity and power profiling across a load spectrum, which is an
intuitively appealing approach to assessment.

Figure 7. Representative mean power-load curve for the seated row of one subject.
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Figure 8. Example bench press power and velocity profile of 2 athletes with the same one repetition maximum.
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Strength and power endurance testing

The ability to maintain explosive power output during sustained dynamic exercise appears to be essential in
several sports (22,41), thus requiring valid assessment and monitoring procedures. Test protocols may be
customized cognizant of their respective sports-specific context. For example, Figure 9 illustrates an example
protocol that necessitates maintaining a target power output until failure. In the example represented below,
effort level is set at 50% of Pn.x. The number of repetitions achieved until 2 or more consecutive repetitions fall
below the set power output is recorded (indicated by arrow). The protocols allow for more metabolically specific
testing and training (i.e., the ability to maintain power output in a semifatigued state across a period) than the
singular efforts to failure characteristic of many traditional strength and power tests.

A derivation of this multiple repetition testing is using the LPT to measure decrease in bench press performance,
for example, during sustained maximal exercise. The decrement in performance can be measured in 2 ways: the
first consists of measuring the decrement with a fatigue index (FI), denoting how performance decreases during a
given number of repetitions (Figure 10); the second consists of measuring the number of repetitions that induce a
reduction in power output below a predetermined threshold. For example, N50% in Figure 10 represents the
number of repetitions that have been performed before power drops below 50% of maximal power.

Yet, another derivation of this LPT multiple repetition testing is inspired by Vollestad's isometric test (39). The
protocol consists of measuring how maximal performance is affected during a prolonged submaximal and
standardized bout of intermittent maximal power efforts interspersed with repeated consecutive submaximal
(Figure 11) repetitions (23).

Such a protocol is particularly useful for determination of fatigue profiles in repeat high-intensity intermittent
sports where maintaining power output is critical.

Figure 11. Schematic representation of an intermittent multiple repetition protocol.
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Analysis of temporal data

Given the theoretical importance of force and power production during the first 50-200 milliseconds to
functional performance, the capacity of the LPT to determine Kinetic and kinematic variables at specifically
identified portions of the force curve is of great value. For example, foot contact durations during top speed
sprinting are approximately 90-100 milliseconds (27). Given the force-time curves for the squat jump depicted in
Figure 12, which athlete would be the better sprinter if all other determinants of sprint performance were equal?
Obviously, athlete B, who can generate greater force in 100 milliseconds, despite the fact that athlete A can
produce greater peak forces or maximal strength. Researchers also benefit from the ability to analyze a full range
of kinetic and kinematic data in the search for meaningfully useful strength qualities.
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Other applications

Typically isokinetic analysis is favored in clinical settings, for the assessment of unilateral and agonist/antagonist
imbalances in patients. LPT technology may provide a more accessible and affordable tool for such analysis.
However, a great deal of research is needed to develop normative data for such analysis and determine
practically/ clinically significant thresholds of asymmetry. LPT technology can also be used to measure velocity
and acceleration in the horizontal plane. For example, an LPT attached to the trunk of subjects has been used to
measure movement velocity during lunge performance (9).

METHODOLOGICAL CONSIDERATIONS

It can be surmised from the previous section that the LPT enables practitioners and researchers to collect
information on a large range of variables associated with the expression of athletic strength and power. There
are, however, a number of methodological considerations that should be addressed when collecting data using an
LPT to ensure that the measured outcomes are in fact representative of an athlete's true performance capacity.
Methodological considerations pertinent to all forms of assessment are reliability and validity. To enable a
meaningful interpretation of test results, an assessment method or measurement technique must meet various
requirements, including that it be reliable (18), that it is representative of an athlete's typical performance (28),
and ideally that it conforms to results obtained from a gold standard measurement technique or method. The
following sections describe the above methodological concepts in the context of the types of exercises most
commonly examined with LPT technologies and considering the practical significance of the calculated outcome
variables that have been previously discussed.

Reliability

Reliability refers to the reproducibility or consistency of repeated performance by the same individual. High test-
retest reliability of a test or performance measure implies better precision for single measurements and is
considered critical in the ability of tests to determine changes in athletic performance over time. Establishing the
typical or expected variation of performance measures assists coaches and sports scientists in confidently
assessing the effects of training interventions, by taking into account the changes that are likely because of the
"noise" involved in the testing methods as well as typical daily biological variation present within an athlete or
group of athletes. Good reliability of a measurement or performance variable is also critical for it to be
considered valid.

Figure 12. Schematic of force-time curves for 2 athletes (A and B).
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Limited studies have reported detailed reliability data for LPTs in isolation. Cronin et al. (7) have reported good
reliability for force-related variables measured with an LPT during a coun-termovement jump (CMJ), with
coefficient of variation (CV) values ranging between 2.1 and 7.4%. Hori et al. (19) similarly reported generally



Published in : Strength & Conditioning Journal (2010), vol. 32, iss. 4, pp. 66-79.
Status : Postprint (Author’s version)

acceptable trial-to-trial reliability for a range of kinematic and kinetic variables with CVs ranging from 2.5 to
11.1%. However, the study of Hori et al. (19) found that the variation for peak force was substantially higher
than that observed by Cronin et al. (7) (CVs of 9.0 and 2.9%, respectively), highlighting that reliability outcomes
are dependent on a number of factors within the experimental design. These factors may include technical
sources of variation such as the type of equipment used, the sampling rate, and data filtering techniques.
Reliability also depends on the parameter to be considered. For example, in several studies, power appears to be
less reliable than velocity, not surprising because power measurement gathers the error included in the
calculation of velocity (single derivate) and the calculation of force (double derivate). Additionally, differences
in the population used to obtain reliability estimates such as age, training background, familiarity with the testing
techniques, and the time of day that the assessment is conducted may also influence the reliability of a test.
Finally, the type of exercise, including the specifics of the testing protocols (e.g., Smith machine versus free
weight exercises, concentric-only versus stretch-shortening cycle activities, and the load tested), will also be
important when interpreting reliability studies. These issues will be explored in the subsequent sections.

Validity

Other issues concerning athletic assessment focus on the validity of the assessments that we use. We will focus
on 2 aspects of validity. First, we are interested in establishing that the assessments measure what they are
supposed to measure (i.e., external or criterion validity). To determine validity in this context, we usually
compare a device with a "gold standard device," which in the case of force measurement is a force platform. In
addition to using an LPT to calculate force-related variables, Cronin et al. (7) simultaneously used a force
platform to directly measure peak force, mean force, and time to peak force during a number of jumps. All
variables were highly correlated between the 2 systems (r = 0.86-0.99) with small differences in mean force (0.1-
0.4%), peak force (3.2-7.9%), and time to peak force (0.7-2.1%) observed. In addition to generating similar
values for each of the above variables, the reliability statistics were also practically similar for both systems.
Chiu et al. (3) reported similar findings with high correlations between LPT and force plate measurement,
concluding that because the force outputs and temporal characteristics of loaded jumps were similar between
both forms of measurement, the use of an LPT was a valid and reliable means of collecting force data.

To compare power-related variables between an LPT and a gold standard measurement technique, Drinkwater et
al. (11) measured power during a free weight bench press, a Smith machine back squat, and a Smith machine 40-
kg bench press throw using an optical encoder and cinematography (analyzed for time and position data). They
concluded that there was almost no probability that true differences existed between the systems for mean and
peak power. In contrast, Hori et al. (19) reported significant differences in power output values when an LPT
was compared with data from a force plate. Furthermore, the reliability values between the 2 systems were
substantially different for peak force, peak power, and mean power (CV = 1.8-3.6% for force platform method
and 9.0-11.1% for LPT method). Hori et al. (19) also compared the reliability of the LPT and force platform with
a method that used both measurement devices and calculated the variables based on direct measurement of
displacement-time data from the LPT and force-time data from the force platform. They found that this method,
which is commonly used in research examining the effectiveness of a variety of training interventions, also
differed substantially from the force platform-only method, producing higher peak velocity and power values
and greater variation. The authors recommend that practitioners be aware that the power output values calculated
using these different methods are basically different quantities.

The second aspect of validity of importance in the assessment of athletic performance is ensuring that the
assessment results are in fact representative of an athlete's typical performance. Bates et al. (2) stated that
because variability is inherent in all human performance, the validity of using a single-performance trial for
obtaining results considered representative of a generalized performance capacity is questionable. Many studies
have strongly suggested that multiple trial protocols are necessary for obtaining stable results in the assessment
of lower limb function in a variety of activities. For example, Rodano and Squadrone (31) reported that a 12-trial
protocol was needed for establishing stable results for power outputs of the ankle, knee, and hip joints during
vertical jumping. Using similar procedures, James et al. (21) indicated that a minimum of 4 and possibly as many
as 8 trials should be performed to achieve performance stability of selected ground reaction force variables
during landing experiments. Considering that most published research using LPTs rely on the mean or best
results from a 3 to 5 trial protocol, the validity of such results may be questionable. Additionally, practitioners
should be aware that it might take athletes more than the prescribed number of trials to attain maximal
performance outcomes. For example, Doan et al. (10) reported that it often took trained jumpers more than 3
trials to attain maximal height. It therefore holds that the number of trials performed during assessments of
maximal strength and power is a critical component of the methodological design and that it is important for
practitioners to be aware of the representativeness of their results with regard to maximal or generalized athletic
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performance capacities.
Exercise selection

The assessment of strength and power is intuitively dependent on the type of exercise used to examine the
neuromuscular qualities of interest. However, although it is important to choose an exercise appropriate for
assessing the desired performance characteristics, the methodological considerations previously discussed should
also be considered when the type of exercise is chosen. It is important for users to have an appreciation of how
different exercise types may affect the reliability and validity of the variables of interest.

In research, LPTs have most commonly been used to assess various kinetic and kinematic variables during
vertical jumping exercises or bench throws in a Smith machine. However, in the regular training environment,
the kinetics and kinematics of a wide array of exercises may be of interest to the practitioner. Dependent on the
purpose of the assessment, exercises common to most resistance exercises programs may be monitored and
include a wide array of machine exercises (e.g., seated row or leg press), dynamic free weight exercises (e.g.,
bench press or back squat), ballistic movements (e.g., jump squats or bench throws), and weightlifting
movements (e.g., hang power clean or clean pull). A number of factors need to be considered when measuring
force- and power-related variables in these different contexts as discussed below.

Loaded versus unloaded. Although limited data are available on the reliability of LPTs used in isolation,
numerous authors have reported on the reliability of loaded jumps (CMJ or SJ) using a variety of other
equipment. In these studies, the reliability coefficients for jump height (CV = 2.1-8.3%), peak power output (CV
= 3.0-9.5%), mean power (CV = 2.3-7.9), and peak velocity (CV = 2.4-7.3) were found to be consistent for
adults irrespective of jump type and the load used. Only Vittasalo (38) observed greater variation in jump height
as the barbell loads increased; however, this study was conducted with children with relatively little exposure to
jumping under load. Therefore, apart from the above finding it seems that the reliability of CMJs and SJs are not
adversely affected by the addition of loads up to 70% of 1RM.

Smith machine versus free weight exercises. It is common practice for practitioners to conduct strength and
power testing protocols using a Smith machine or similar device, with many believing that the restriction of the
movement to the vertical-only plane will enhance the reliability and validity of the measurements. Recently,
Shep-pard et al. (36) examined this theory and found no significant differences for a range of variables when
jump squats were performed in the Smith machine or in a free weight condition. Only mean power differed with
higher values recorded in the free weight condition. Additionally, they reported similar reliability between both
conditions for all variables except mean power. This study was conducted however in a population of highly
trained volleyball players who were very familiar with the free weight protocol. It may be that these results
would not be replicated in athletes who were less proficient in this testing/training mode. It is therefore
suggested that the familiarity of the athletes with the testing protocol be considered when choosing between the
above testing modes.

Inclusion of system mass

The inclusion or exclusion of body weight from power calculations is another important consideration when
selecting assessment protocols and interpreting test results. That is, dependent on the type of exercise and
whether the practitioner is interested in determining the power applied to the ground or to the barbell, the
inclusion of body mass into the calculations may or may not be appropriate. For example, it is generally accepted
that for lower-body movements, where body mass must be moved in addition to any additional external load, the
resulting force, velocity, and power are determined by the athlete's ability to accelerate the total system mass
(i.e., the external load + body mass) (6,12). Conversely, for upper-body exercises or static exercises (e.g.,
machine exercises like the leg press), the inclusion of body mass is not warranted, and the power applied to the
barbell or machine is the variable of interest. However, numerous authors have failed to make this distinction,
leading to discrepancies in reported power outputs in various populations.

Reliability and validity of derived variables

An early criticism of LPTs in the strength and conditioning profession was that these devices were viewed as a
type of "black box technology" (33), which provided vast amounts of data that were not always interpreted with
the required precision or understanding. Although relatively few comprehensive analyses of reliability of the
extensive range of outcome variables obtainable from an LPT have appeared in the literature to date, the
increasing prevalence of such undertakings is illustrated by the numerous abstracts presented in the past 4-5
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years at the National Strength and Conditioning Association conference. Although it is beyond the scope of this
article to detail these findings, readers should be aware that there could be substantial differences in reliability
between derived and calculated variables. For the most part, however, it appears that during instrumented jumps,
peak and mean power, peak and mean force, peak velocity, and peak displacement can be used to reliably
monitor changes in performance. Time-dependent variables such as RFD and time to peak force seem to be less
reliable, especially during CMJs. Weightlifting movements such as the hang power clean have been briefly
investigated, with peak velocity being the only variable displaying acceptable reliability. This is likely because
of the characteristics of the weightlifting movements, where the body's center of mass (COM) does not generally
move in parallel with the barbell, thus violating the assumption that the movement of the barbell is representative
of the movement of the COM of the entire system (19). Upper-body exercises such as the bench throw, which
have been used extensively in the research literature, have suffered a lack of attention when it comes to
reliability analyses.

Based on the myriad of variables available from the data collected by the LPT, it seems clear that additional
research is likely required to assist practitioners in choosing variables that meet the acceptable reliability
standards. Following this, further work should aim to elicit which of those variables are most practically useful
in reflecting changes in athletic performance.

Accounting for extraneous movements

The use of an LPT to measure kinetic and kinematic variables during explosive athletic movements requires that
certain assumptions are met. One of these assumptions during vertical jumping is that the movement examined
does not involve any horizontal motion (4,5). The validity of a single LPT for measuring force and power during
loaded jump squats has been questioned in the literature because some amount of horizontal displacement is
likely to occur in any free weight condition. Cormie et al. (4) used a novel method for calculating such
extraneous horizontal movement during free weight jump squats (using 2 LPTs arranged in a triangular fashion
above the lifter). They then compared this system of measurement with the use of a single LPT attached to one
side of the barbell and found significant differences in peak velocity, peak force, and peak power. They went on
to suggest that the 4-5 cm of horizontal movement that they measured throughout the jump was responsible for
the differences. More recently, however, LPTs have become commercially available that incorporate a sensor
near the bottom of the tether that enables the measurement of the angle that the tether leaves the spool
(GymAware; Kinetic Performance Technologies, Canberra, Australia).

This allows the vertical-only displacement to be accurately measured by correcting for any horizontal movement
(using basic trigonometry). Such methodology would also be useful for measuring kinetic and kinematic
outcomes of a variety of exercises where there is a significant amount of movement outside the vertical plane
(e.g., most weightlifting movements).

BENEFITS AND LIMITATIONS OF THE LINEAR POSITION TRANSDUCER TO THE STRENGTH
AND CONDITIONING COACH

An LPT is a relatively cost-effective evaluation tool in comparison to laboratory-based equipment such as a force
platform or isokinetic assessment devices. The LPT is also highly portable, and most are simple to use; therefore,
the LPT can be used in multiple areas of the strength and conditioning environment. The portability of the LPT
also allows the strength and conditioning coach to use an LPT as a testing and monitoring tool when traveling
with teams (competition, training camps) to enhance training (e.g, through use of the training function) and to
assist in decision making on training readiness of the athletes.

An LPT is particularly useful to the strength and conditioning coach, and to sport scientists, in evaluating the
performance of barbell movements such as the clean, snatch, and weightlifting training movements. Because the
LPT can be attached to the barbell, it can directly measure the movement and speed of the barbell itself In other
words, the speed the athlete moves the barbell is directly measured. This differs from using a force plate to
assess performance in these movements because the force plate collects ground reaction force (kinetic) data.
Although this can be used to determine speed of movement (kinematics), these data will be valid for the kinetics
and kinematics of the athlete's body and the barbell as a system, not for the work applied to the barbell itself.

It should be noted, however, that data obtained from the LPT quantifying force and power relies on double
differentiation from the displacement-time data. This process can reduce the validity of the estimation as
discussed previously, as any error in the original differentiation is magnified when further variables are
calculated using these values. This is an important consideration for the strength and conditioning coach because
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calculations that are performed using LPT data can result in different values in comparison to data obtained
directly, that is, force collected directly from a force platform. The comparison of data between athletes and
studies is problematic in such circumstances. However, if the same device is used for monitoring the same
athlete over time, then this limitation becomes less of an issue.

SUMMARY

Concerns regarding reliability, validity, expense, ease of administration, and portability should determine
selection of the test/s and dynamometry used to assess the functional ability of an athlete. The use of LPT
technology certainly addresses many of these concerns and can provide a great deal of information to the
strength and conditioning coach for relatively minimal cost. LPTs can provide information regarding the
assessment of training readiness to determining the efficacy of certain training programs, ergogenic aids, and
recovery strategies. This technology enables so much more than the monitoring of the usual load x repetitions x
sets or tonnage lifted in a session that has been common practice in the past. Macrocylces with a training
emphasis on velocity of movement or power output can be monitored, thresholds for each repetition determined,
and a set terminated when a substantial decrease in repetition velocity or power are observed. Hopefully, it is
apparent that with the frequent and continued use of such technology by strength and conditioning coaches,
assessment and monitoring strategies will improve and a more in-depth understanding of the mechanical and
physiological determinants of strength and power should result; the product improved programming, subsequent
strength and conditioning practice, and, ultimately, athlete development and performance.
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