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Background

Isokinetic dynamometers are widely used when assessing neuromuscular function
including knee extension kinetics. However, these dynamometers are often prohibitively
expensive and are not portable. Thus strain-gauge technology has grown in popularity.

Purpose

The purpose of this study was to compare kinetic data captured via an isokinetic
dynamometer against an affordable and portable strain-gauge with a treatment plinth
during maximal isometric knee extensions.

Study Design

Cross-sectional study.

Methods

Healthy participants (8 males and 6 females; age 30.2%7.1 years) volunteered and
performed knee extensions at a 90° knee angle on a dynamometer and a treatment plinth
with a portable strain-gauge. Peak force (PF), peak rate of force development (PRFD), rate
of force development (RFD,q,) and impulse (IMP,g) from 20-80% of onset to peak
force were assessed using both strain-gauge and isokinetic dynamometer.
Between-device differences were evaluated by the Wilcoxon signed-rank test, Cohen’s d
effect sizes (ES), Pearson’s correlation coefficients (r), and Bland-Altman plots.

Results

No significant or meaningful differences were identified between isokinetic and
strain-gauge devices (all p>0.268, ES<0.35). However, slightly greater (2.5-9.5%) outputs
were observed with the isokinetic dynamometer. Very large significant between-device
correlations were found for PF (r=0.77, p=0.001) and PRFD (r=0.73, p=0.003), while small
and moderate non-significant between-device correlations were found for RFD,q,
(r=0.48, p=0.079) and IMP,g (r=0.59, p=0.060). Bland-Altman plots did not reveal
apparent biases from high to low performers.

Conclusions

These results indicate that the strain-gauge device can produce valid maximal and rapid
force expression measurements. Similar results, such as those quantified via an isokinetic
device, can be obtained without extreme rigour and constraint. The study’s findings
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support using the practically relevant treatment plinth and strain-gauge combination as
a suitable alternative to the isokinetic dynamometry for measuring PF and PRFD.
Therefore, more rehabilitation and sports performance practitioners can confidently

assess knee extension kinetics.

Level of Evidence
3

INTRODUCTION

Rate of force development (RFD) and impulse (IMP) are
valuable components of force production and neuromuscu-
lar capacity.1-* These metrics can translate into the ability
of motor units to develop force quickly,! which can enhance
sporting performance,¢ and is beneficial in activities that
affect the quality of life.” Additionally, RFD and IMP may
better predict functional abilities than maximal strength
or peak force (PF) assessments.®® Rapid force character-
istics are also strongly associated with the prevention of
falls, the maintenance of balance, stabilizing the body dur-
ing reactive tasks,’? and providing valuable insight into the
stiffness and physiology of the muscle-tendon unit!9 and
neural capacity.!

A primary consideration of rapid force assessment is re-
lated to the availability and practicality of the technology
and equipment needed, including back-end analytics. Ap-
preciating the expected variability in RFD and IMP data,
a measurement device must contain sensitive, high-fre-
quency components to accurately record this data. Isoki-
netic testing apparatus, often the standard in open chain
joint and muscle-specific force testing,11:12 collects kine-
matic and kinetic data in a constrained and standardized
manner and hence very little variability is associated with
the assessed measures.11;12 However, research-grade isoki-
netic dynamometers are prohibitively expensive and non-
portable, especially compared to other force assessment
tools, such as strain-gauges.

Sports performance and rehabilitation staff often lack
affordable, portable, and clinically useful tools to ade-
quately measure and track kinetic force variables from
joints such as the knee. While various testing mediums and
tools are available, the strain-gauge can offer a lower finan-
cial price point, greater portability, and, therefore, higher
utility for clinicians to assess neuromuscular function.
While shown to be reliable in several contexts,!314 limited
data exist concerning the validity and transferability of data
collected via strain-gauge compared to isokinetic dy-
namometers. Thus, established practices may be hesitant
to transfer their collection protocols from isokinetic dy-
namometry to portable strain-gauge. Therefore, the pur-
pose of this study was to compare kinetic data captured
via an isokinetic dynamometer against an affordable and
portable strain-gauge with a treatment plinth during max-
imal isometric knee extensions. The hypothesis was that
there would be no difference in the kinetic data collected by
the highly constrained, isokinetic dynamometer device ver-
sus those same variables collected on the strain-gauge de-
vice.

METHODS
STUDY DESIGN

A single-session cross-sectional study design was imple-
mented, comparing various kinetic variables during the
knee extensors’ maximal voluntary isometric contractions
(MVIC) with an isokinetic dynamometer versus strain-
gauge device. These two data collection tools were evalu-
ated using three protocols where a range of kinetic vari-
ables were assessed. Participants completed three explosive
MVICs of the knee extensors for each protocol. Testing was
completed bilaterally for all participants. However, only the
right leg was used for analysis. Testing order was random-
ized for each subject, and one rater with ~3 years of experi-
ence collected all data.

PARTICIPANTS

A total of fourteen participants volunteered and completed
the study, including eight men and six women. Participants
were recruited via posters placed throughout the university
campus and by word of mouth; they were predominantly
graduate students and university staff. All participants were
healthy with no current health conditions limiting strenu-
ous exercise or the ability to complete maximal knee ex-
tensions. Participants were excluded if they had a prior
surgical intervention that would limit knee extension per-
formance or reported any pain throughout the trials. All
participants reported their right leg as dominant (kicking
leg). Ethics approval for this study was obtained from the
Auckland University of Technology Ethics Committee, and
all participants provided written informed consent.

TESTING EQUIPMENT

The isokinetic device (Humac Norm; CSMi; Lumex,
Ronkonkoma, NY) was used as the gold standard for data
collection. The isokinetic dynamometer sampling rate was
increased to 1000 Hz through custom software (LabView;
National Instruments, New Zealand) to match the strain-
gauge’s sampling frequency and improve the accuracy of
RFD and IMP calculations as per previous research.!516
The pre-tension threshold for this device was set at 40 Nm
(torque), which was reported subjectively as being like the
120 N (force) used with the strain-gauge. The collection
threshold for this protocol was 50 Nm.

The strain-gauge device was a wireless force measure-
ment system that consisted of a strain-gauge, Bluetooth
connectivity, and an internally designed software package
(SPRINZ Laboratories, Auckland University of Technology)
sampling at 1000 Hz. The computer, with software visible,
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Figure 1. Experimental set-ups for the isokinetic dynamometer (A), and plinth + strain-gauge (B)

was placed directly in front of the subject for practice trials,
feedback, and the pre-tension threshold. Following pilot
testing, the pre-tension mark was set to 120 Newtons (N),
while the collection threshold was set to 160 N (i.e., the
trial initiation was established once the force produced was
above 160 N).13,14

PROCEDURE

Two data collection protocols were implemented. Each col-
lection used either the isokinetic dynamometer or the
portable strain-gauge with treatment plinth. Kinetic vari-
ables were collected at 90° of knee flexion.

PROTOCOL 1: ISOKINETIC DYNAMOMETER

Protocol 1 (Figure 1A) had the subject seated upright in the
chair of the isokinetic dynamometer at a hip angle of 85°,
with shoulder, waist, and thigh constrained by straps to re-
duce body movement during contractions. This highly re-
stricted method and the isokinetic dynamometer for col-
lecting isometric force was considered the standard for
comparison to the strain-gauge.251517 The device was ad-
justed so the subject’s knee joint line was positioned at
the center of dynamometer rotation and the ankle fixation
pad approximately two centimeters superior to the lateral
malleolus. The subject was instructed to place their non-
testing limb behind the counterforce pad and use the han-
dles on both sides for each trial.

PROTOCOL 2: TREATMENT PLINTH WITH STRAIN-GAUGE

Protocol 2 (Figure 1B) consisted of a clinical plinth (table)
and strain-gauge with subject’s performing contractions at
90° of knee flexion. This protocol was designed for the
implementation of portable strain-gauge technology in a
practical setting, such as a physiotherapy clinic. The sub-
ject was seated on the edge of a plinth and allowed to self-
select a position while meeting the following criteria: 1) the
subject must maintain this position throughout the trials;
2) the subject must hold the sides of the table; and 3) the
subject must shift towards the side of the table being tested
(the line of force must be in line to the fixation point which
was located towards the side of the table). Once seated and
comfortable, the subject was fixed to the table at 2 cm su-
perior to the lateral malleolus using a low compliance steel
chain. A towel was placed under the distal thigh between
the thigh and the table to reduce discomfort during expres-
sions of maximal force. The table height was adjusted to
maintain a 90° line of force to the fixation angle. Through-
out practice trials, the subject was allowed to move and
change position. However, no further changes were permit-
ted once the testing began, and the subject’s position was
recorded for future testing sessions.

The testing angle of the knee joint was confirmed with
goniometric measurement to account for tissue and
padding deformation. Before any testing trials, the subject
completed practice trials which included verbal instruc-
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tions about the procedure and visual education about the
pre-tension position on the computer monitor.

COLLECTION PROTOCOL

Participants warmed up by cycling at moderate resistance
using a self-selected pace for five minutes. Familiarization
using the plinth + strain-gauge protocol, regardless of test-
ing order and included ascending isometric contractions,
culminating with one MVIC. During these trials, the par-
ticipants were given verbal and visual feedback regarding
performance and education was implemented to avoid con-
fusion or troubleshoot positioning. A visual target (120 N)
was provided, and participants were instructed to reach and
hold this target. The initial force target is implemented to
prevent participants from using countermovement or ex-
cessive body movement to initiate the contraction, poten-
tially altering rapid force expression measures.l,® After fa-
miliarization, participants were given a five-minute rest
before the data collection initiation. Participants were in-
structed to contract “fast and hard”. The term ‘fast’ in “fast
and hard” was consistently emphasized throughout all test-
ing occasions.

After familiarization, participants were randomly placed
into protocols via a random number generator. Participants
were told to achieve the pre-tension state and maintain this
force for two seconds by slowly extending the knee into
the strap while observing the force-time curve on the mon-
itor. For both devices, participants then performed three
contractions at 30% of perceived MVIC, two contractions
at 60% of perceived MVIC, one contraction at 90% of per-
ceived MVIC, and one contraction at 100% of perceived
MVIC. For the three maximal recorded trials, the partici-
pants were once again asked to slowly extend their knee to
obtain a steady force curve before the primary researchers
began a countdown of “3-2-1-Go-Go-Go-Go-Go-Stop”. Par-
ticipants were instructed to start the MVIC immediately af-
ter “1”.

Due to the brief contraction durations, the rest between
repetitions was set from 10 to 30 seconds following the
previous protocols.!> The output was visually inspected for
large deviations in force production (>250 N from prior tri-
als), notable countermovement in the output, or any incon-
sistencies in the pre-tension state, any false trials removed,
and the subject ask to repeat the trial before progressing.
Participants completed three trials of each protocol with
the maximum values used for analyses. Rest was set at
10-30 seconds based on participant preference. !’

DATA PROCESSING

Raw, unfiltered force-time data was exported for subse-
quent analysis in ‘comma separated value’ format. Using
a custom algorithm, the dominant leg data were imported
and analyzed in MATLAB (MathWorks, Natick, MA). Each
trial was trimmed in length to include a pre-tension period
of at least 0.5 seconds, force onset, the isometric contrac-
tion for at least one second, and a force offset. The onset
of force was defined as an increase in a force greater than
three standard deviations (3 SD) of force calculated from

the 350 ms pre-tension window within one second before
the contraction.1,1%18 Qutputs were visually assessed for
methodological outliers (e.g., extreme forces or spikes that
were clearly not accurate representations of human capac-
ity), which were removed from the analysis. Methodological
outliers were removed on two, and four occasions for the
isokinetic dynamometer and strain-gauge devices, respec-
tively. PF was determined as the absolute maximum force
recorded during the two-second contraction. All other vari-
ables of interest were then determined from within the
time interval created by the 20-80% peak force thresholds,
as described by Cobian et al. (2017) and Dudley-Javoroski
et al. (2008).18:19 RFD,q, Was the average slope over the
epoch (force/time), and IMP,y5, was the area under the
force-time curve during the 20-80% window. PRFD was cal-
culated using a 10 Hz, 4th order low-pass Butterworth filter.

STATISTICAL ANALYSIS

Data cleaning was conducted using RStudio IDE (Version
1.4.869, RStudio, PBS). Outlier analysis was conducted us-
ing intrasession, intra-subject z-scores. Any values greater
than 3 SD were removed from the analysis.

Jeffrey’s Amazing Statistics Program (JASP) software
(version 0.16, Amsterdam, Netherlands) was used for sta-
tistical analysis. The statistical analysis explored the valid-
ity of the between the isokinetic dynamometer and strain-
gauge protocols. Each subject’s trials for each protocol were
averaged. Further, if the subject did not participate in all
protocols, they were also removed from all analyses. The
normality of averaged values was confirmed using the
Shapiro-Wilks test for each protocol.

Normality was assessed using the Shapiro-Wilks test and
visually assessed with Q-Q plots. A Wilcoxon signed-rank
test was used to compare protocols (isokinetic dynamome-
ter, plinth+strain-gauge) as normality was not confirmed
for PRFD (p<0.050) and RFD,q, (p<0.020). Qualitative de-
scriptors of standardized Cohen’s d effect sizes (ES) with
95% confidence intervals (95%CI) were assessed and re-
ported using these criteria: trivial <0.20, small 0.20-0.49,
moderate 0.50-0.79, large >0.80.20 Additionally, Pearson’s
r correlation coefficients were determined and interpreted
as: 0-0.10 trivial, 0.10-0.30 small, 0.30-0.50 moderate,
0.50-0.70 large, 0.70-0.90 very large, and >0.90 nearly per-
fect. 95%Cls were calculated for the correlational data by
simulating 1000 bootstrapped samples. Finally, Bland-Alt-
man analyses with 95%CI were used to further understand
the difference between paired kinetic variables to the pair’s
mean across different protocols. All statistical significance
was established a priori at p<0.05. 95%ClIs are reported in
[square brackets] in-text.

RESULTS

The eight men were 30.2%6.8 years old, 173%3.2 c¢m tall,
84.4%10.9 kg in body mass, and had a shank length of
33.7¢3.2 cm. The six females were 33.2%6.7 years old,
161%5.5 cm tall, 61.7%7.5 kg in body mass, and had a shank
length of 34.2+1.3 cm. Summary (mean, standard deviation
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Table 1. Mean and standard deviation for each kinetic variable for both protocols with standard error and 95%

confidence intervals

Isokinetic Plinth +

Standard error

Effect size

Variable dynamometer  strain-gauge [95% CI] [95% CI] prvalue %A
PF (N) 565+ 143 537+117 24342, 83.8] 0.26(-032,0.70] 0.426 50
PRFD (N/s) 367741573 3327+ 1192 2861-341, 958] 0.35(-022,0.75] 0.268 95
RFD,0g0 (N/5) 2410+ 1047 23514878 2641-435,541] 10.03[-055,051] 0.952 25
IMP,0g0 (N/5) 3324133 303103 295[-4.27,9.77] 0.20(-037,0.66] 0542 87

PF = peak force; PRFD = peak rate of force development; RFD = rate of force development; IMP = impulse. CI = confidence interval. Effect size = Cohen’s d. Statistics are from

Wilcoxon signed-rank tests.
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Figure 2. Raincloud plots for peak force (PF); peak rate of force development (PRFD); rate of force development
from 20-80% of onset to PF (RFD2080); and impulse from 20-80% of onset to PF (IMP2080).

N=newtons, N/s=newton seconds.

[SD]) and Wilcoxon signed-rank test (standard error [SE],
ES, p-values) can be observed in Table 1. All variables had
higher mean and larger SDs when assessed with the iso-
kinetic dynamometer versus the plinth and strain-gauge,
however, these were not statistically significantly different.

Raincloud plots for each kinetic variable collected with
each protocol can be observed in Figure 2. No significant
or meaningful differences between the protocols were de-
tected for PF (ES=0.26 [-0.32, 0.70], p=0.426), PRFD
(ES=0.29 [-0.22, 0.75], p=0.27), RFDyge, (ES=-0.03 [-0.55,
0.51], p=0.952), or IMPy55, (ES=0.29 [-0.37, 0.66], p=0.542).

Pearson’s r correlations (Figure 3) detected very large
significant between-protocol correlations for PF (r=0.77
[0.40, 0.92], p=0.001) and PRFD (r=0.73 [0.34, 0.91],

p=0.003). Small and moderate non-significant correlations
were found for RFD,gq (r=0.48 [0.23, 0.84], p=0.079) and
IMPyq, (r=0.59 [-0.04, 0.85], p=0.060), respectively.

Bland-Altman plots (Figure 4) show acceptable bias for
all variables as no data points fell outside of the 95%CI.
However, while PF or PRFD were found to have no obvious
bias, RFDyg, and IMP,q, were found to have greater be-
tween-protocol differences in high-performing partici-
pants.
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Figure 3. Pearson’s r correlation coefficient scatter plots between the isokinetic dynamometer (IsoK) and
treatment plinth with strain-gauge (Plinth+SG) for peak force (PF); peak rate of force development (PRFD); rate
of force development from 20-80% of onset to PF (RFD2080); and impulse from 20-80% of onset to PF (IMP2080).

DISCUSSION

The aim of this study was to investigate the use of a strain-
gauge as a clinically practical alternative to an isokinetic
device in investigating knee extension kinetics. Typical (PF,
PRFD) and novel (RFDyg0, IMPq.) analyses were imple-
mented. Findings included no significant or large differ-
ences between the commonly used isokinetic dynamometer
and the commercial strain-gauge for any variable. Addi-
tionally, the data variability was smaller when utilizing the
strain-gauge compared to the isokinetic dynamometer.
Very large significant correlations were found between pro-
tocols for PF and PRFD, though correlations were small,
moderate, and non-significant for the RFD,55, and
IMP,50. Finally, no explicit biases were detected via Bland-
Altman analysis. Therefore, we suggest that the practical
and affordable strain-gauge and treatment plinth set-up
can be used instead of an isokinetic dynamometer for eval-
uating PF and PRFD in clinical, sports performance, and re-
search settings.

No significant differences (all p>0.268, ES<0.35) were
found between the two measurement devices across all four
variables (PF, PRFD, RFDy g, and IMP,q) of interest. Al-
though no statistically significant differences were found
between devices for the variables of interest, these findings
concerning mean and standard deviation and interquartile
ranges were observed. Slightly greater kinetic outputs
(PF=5.0% and PRFD=9.5%, RFDyq,=2.4%, IMPe,=8.7%)
were observed for the isokinetic dynamometer when com-
pared to the strain-gauge. However, the clinical interpre-
tation of these percentage differences is not certain. Also
noteworthy was the greater variability (SD) for all four vari-
ables on the isokinetic dynamometer than the strain-gauge,
which is also apparent when visually inspecting the distri-
butions (Figure 2). This could be explained as the padding
on the plinth table was more rigid than on the dynamome-
ter, and the kicking strap was not padded to the degree
of the isokinetic dynamometer. Therefore, participants may
have felt more comfortable and willing to contract with full
effort on the isokinetic dynamometer. However, the isoki-
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Figure 4. Bland-Altman plots for peak force (PF); peak rate of force development (PRFD); rate of force
development from 20-80% of onset to PF (RFD2080); and impulse from 20-80% of onset to PF (IMP2080).

Green band = 95% confidence intervals for the mean difference + 1.96 standard deviations; purple band = 95% confidence intervals for the mean difference; pink band = 95% confi-

dence intervals for the mean difference - 1.96 standard deviations.

netic device padding also potentially leads to greater vari-
ability in performance and output.

A correlational analysis was also performed to further
compare device output and determine device interchange-
ability for practitioners who may desire switch devices
without losing their current database. Very large between-
device correlations were found for PF (r=0.77, p=0.001) and
PRFD (r=0.73, p=0.003), suggesting practitioners could
switch between isokinetic dynamometers and the strain-
gauge device without losing their current data-set. How-
ever, RFDypq, (r=0.48, p=0.079), and IMP,ngq (r=0.59,
p=0.060) had lower and non-significant between-device
correlations. Therefore, practitioners should not compare
RFDyng0 and IMP,gq results if switching devices. Addi-
tionally, while intra-session RFD, g, and IMP, 5, measures
collected with the present strain-gauge at 90° knee angles
are moderately reliable intra-session (ICC=0.79-0.93,
CV=11.4-22.1%),14 inter-session variability (ICC=0.48-0.88,
CV=10-24.5%)13 demonstrating that relatively large
changes must occur for practitioners to be confident that a
real improvement (or decrement) has happened.

Finally, Bland-Altman plots were explored, and demon-
strated no statistical increase or decrease in bias propor-
tional to the mean values for all four variables. Therefore,
high and lower performers can be assessed similarly using
the isokinetic dynamometer and plinth with strain-gauge

protocols. However, RFD g, and IMP, 5, did have visually
greater bias with high performers (Figure 4), which leads
to the question whether statistical biases would occur with
elite strength athletes or others with extraordinary knee-
extension kinetics. Regardless, when viewed in combina-
tion with previous findings, RFD, g, and IMP,5, should be
used with caution based on moderate to poor reliability!4
and inter-session variability.13

LIMITATIONS

While the aims of the study were completed, the study
is not without limitations. The first and most obvious is
the relatively small sample size of a relatively homogenous
population. Similarly, the sample size makes understanding
the potential biases between high- (e.g., athletes), and low-
(e.g., clinical) performing populations difficult. Secondly,
nuances in collecting rapid force variables are challenging
to eliminate, once again exacerbated by the limited sample
size. This study utilized a pre-tensioned state before con-
traction initiation, which can be difficult for some partic-
ipants. The same contractions also analyzed maximal and
rapid force production, increasing variability when com-
pared to using separate rapid and ramping contractions
to determine RFD and PF, respectively.! Therefore, it may
have been beneficial to utilize brief and ramping contrac-
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tions to assess rapid and maximum force production, re-
spectively.! Rest between maximal contractions were self-
selected between 10-30 seconds. Therefore, it is plausible
that some participants may have performed better or worse
on each device based partially on fatigue or post-activation
potentiation effects. However, this was likely minimal as
participants would likely self-select similar rest periods for
both devices. This study compared a single isokinetic dy-
namometer and a single strain-gauge, and therefore cannot
conclusively determine that all dynamometer or strain-
gauge manufacturers are similar. Finally, readers should
be cognizant that single joint isometric testing, while pri-
marily valuable in rehabilitation contexts, should likely
progress to, or be used alongside dynamic multi-joint as-
sessments.

CONCLUSION

The isokinetic dynamometer is often the standard in open
chain force data capture in physical medicine. However, the

device’s cost and portability often limit its use in clini-
cal settings. The results of the present study indicate that
the treatment plinth and strain-gauge combination can be
used to produce valid maximal and rapid force measure-
ments at a reduced cost and improved practicality when
compared to an isokinetic dynamometer. The study’s over-
all findings support using the strain-gauge as a suitable al-
ternative to the isokinetic dynamometry for measuring PF
and PRFD. However, strain-gauge testing of RFD,q,, and
IMP,5, should be used with caution.
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