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ABSTRACT. Dugan, E.L., R.U. Newton, T.L.A. Doyle, and 
B. Humphries. Design of a controlled-release ergometer for the 
measurement of musculotendinous stiffness of the knee flexors. 
J. Strength Condo Res. 19(4}:959-963. 2005.-The stiffness of 
muscle-tendon units (MTUs) influences many aspects of human 
movement from athletic performance to injury risk. Presently 
the controlled-release technique of measuring MTU stiffness has 
been applied almost exclusively to the distal joints of the body, 
i.e., the ankle. This is primarily because of the mechanical lim­
itations of implementing this technique. However, in order to 
better understand how the elastic properties of the MTU affect 
both performance and injury potential, measurements of MTU 
stiffness of the more proximal joints must be made. The knee 
flexors are a logical choice because of the integral role of MTU 
stiffuess of this muscle group in both hamstring strains and 
knee injury. The purpose of this study was to modifY a commer­
cial ergometer so that it could be used to measure the muscu­
lotendinous stiffness of the knee flexors. Data are presented for 
a representative participant to illustrate the feasibility and ca­
pability ofthis ergometer, and the measured MTU stiffuess was 
519 N ·m·rad- 1 at a knee flexion moment of 100 N·m . Our results 
indicate that it is indeed possible to modifY a commercial ergom­
eter and measure musculotendinous stiffness of large muscle 
groups crossing proximal joints. 
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INTRODUCTION 

W 
he stiffness of muscle-tendon units (MTUs) in­
fluences many aspects of human motion (2, 7, 
8, 13). This mechanical characteristic has con­
siderable importance for athletic performance 

in both maximum strength capability and power output 
(13, 14). Further, there is emerging evidence that MTU 
stiffness is a factor in various injury mechanisms, partic­
ularly in the common injuries of anterior cruciate liga­
ment (ACL) rupture (11, 12) and hamstring damage (10). 
If MTU stiffness could be easily and reliably assessed, 
this would open up an important avenue for scientific in­
vestigation. The effects of training programs for perfor­
mance enhancement and/or injury reduction could be 
evaluated to provide valuable knowledge for the strength 
and conditioning specialist. 

The measurement of musculotendinous stiffness in 
vivo is a complex task. There is a wide range of tech­
niques currently used to estimate the "stiffness" of vari­
ous joints and MTUs that are based on different assump­
tions of muscle-tendon behavior and working definitions 
of stiffness; the reader is referred to the review by Latash 
and Zatsiorsky (9). One method of measuring musculo­
tendinous stiffness, specifically stiffness ofthe series elas-

tic component (SEC), is the controlled-release technique. 
The definition of stiffness used in this technique, unlike 
the definition used in others, is in good agreement with 
the definition used in physics, in which stiffness is a ma­
terial property of objects capable of generating an oppos­
ing force against an externally applied force as well as 
storing and releasing elastic energy (9). The controlled­
release technique is designed to measure this stored elas­
tic energy of the SEC. 

In short, the controlled-release technique involves 
shortening the muscle group in question at a constant, 
high speed and then measuring the decline in torque as 
a function of angle. This decline in torque represents the 
elastic forces of the SEC and thus can be used to deter­
mine the stiffness ofthe SEC. Although this experimental 
design has been utilized successfully by several groups of 
investigators to quantify the elastic properties of the SEC 
of the ankle joint (3-6), to our knowledge this technique 
has not been adapted for the measurement of musculo­
tendinous stiffness of other joints. There are several rea­
sons for this: (a) a specialized ergometer is needed to per­
form such measurements; (b) it is more difficult to correct 
for the inertial moment produced by the acceleration of 
larger body segments, i.e., the lower leg and foot; and (c) 
the complexity of the correction procedures and data pro­
cessing as proposed by de Zee and Voigt (3) and Hof (5). 

The purpose of the present study was to determine the 
feasibility of modifying a commercially available ergom­
eter to measure the series elasticity of the knee flexors 
using a controlled-release protocol as described by de Zee 
and Voigt (3) and Hof(4-6). The underlying assumptions 
were that a commercial ergometer could in fact be modi­
fied to meet the mechanical requirements of the con­
trolled-release protocol and that SEC stiffness of the knee 
flexors was measurable with this technique. The signifi­
cance of this study lies in the potential for this type of 
ergometer to be used in screening protocols to assess in­
jury risk and design appropriate training protocols for 
athletes of all levels. The following is a "technical note" 
describing our efforts to develop such an ergometer. 

METHODS 

In order to implement this technique to measure mus­
culotendinous stiffness of the knee flexors, a machine ca­
pable of moving the lower leg at high, constant velocities 
was necessary. There are 2 distinct challenges associated 
with this task: (a) modifying a commercial ergometer to 
produce the needed movement, and (b) attaching the low­
er leg to the ergometer. 
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FIGURE 1. Instrumented leg cuff used in conjunction with 
ergrometer. 

The ergometer available for use was a Cybex NORM 
(CSMI, Norwood, MA) isokinetic ergometer. We deter­
mined that the ergometer must be capable of moving the 
lower leg at velocities greater than 6 rad·s- I . This value 
was based on measured maximum velocities of unloaded 
knee flexion, which were found to be between 5.1 and 5.7 
rad·s- I

. In its standard or "factory" condition, the Cybex 
NORM is not capable of producing velocities of this mag­
nitude. However, this velocity constraint is a software­
implemented limitation and not hardware-based. There­
fore, in order to utilize the Cybex, a custom program was 
developed using Labview (National Instruments, Austin, 
TX) that in conjunction with a personal computer and an 
AT-MIO-16E-1 data acquisition card (National Instru­
ments) could be used to control the BRU-200 drive mod­
ule (Electro-Craft; Reliance Motion Control, Inc., Eden 
Prairie, MN) of the Cybex and consequently the motor. 
Through use of the custom software, the maximum speed 
of the ergometer was increased to approximately 7.5 
rad·s-I, which exceeds the measured maximum velocity 
of unloaded knee flexion by 25-30%. 

In addition to modifying the ergometer's capability to 
produce high velocities, a suitable machine-leg interface 
had to be designed. In order for the controlled-release pro­
tocol to be successful, the leg must be attached to the 
ergometer in such a way that the leg would have the same 
velocity profile as the ergometer. A specialized cuff was 
designed that clamped the leg in place during the move­
ment and accommodated a load cell (Kistler Instruments 
AG, Winterthur, Switzerland) for the measurement of the 
applied forces. In addition, an accelerometer (K-SHEAR; 
Kistler Instruments AG) was attached to the lower leg in 
order to measure the angular accelerations produced by 
the release. The Cybex setup and leg cuff are shown in 
Figures 1 and 2. 

To illustrate the capability of the modified ergometer 
to measure SEC stiffness of the knee flexors, data col­
lected on a single participant (height 175 cm, mass 89.3 
kg, age 24 yrs) will be presented. Prior to participating in 
the study, the participant read and signed a written con­
sent document and the study was approved by the uni­
versity's institutional review board. 

The data collection procedure employed was based on 

FIGURE 2. Ergometer used for controlled-release 
experiments. 

the protocol described by de Zee and Voigt (3). In short, 
3 types of release were performed: slow passive, fast pas­
sive, and fast active. In the 2 passive trials, the leg was 
moved through a 35° range, from a starting angle of 15° 
from full extension, of knee flexion while the leg muscles 
remained passive or inactivated. The slow passive trial 
consisted of moving the lower leg at approximately 0.1 
rad·s-I, and the fast passive trial was performed at ap­
proximately 7.5 rad·s- I • During the fast active trials, the 
participant produced various levels of isometric force 
against the leg cuff, which was subsequently released at 
approximately 7.5 rad·s- I • The slow passive trial was 
used to correct for the passive stiffness of the knee flex­
ors, and the fast passive trial was used to correct for in­
ertial forces produced by the acceleration of the cuff and 
lower leg. 

RESULTS 

The investigators determined that the customized ergom­
eter was appropriate, according to the mechanical re­
quirements outlined above, for measuring MTU stiffness 
of the knee flexors. An example of a moment-angle curve 
filtered and corrected for passive stiffness and inertial 
moments is shown in Figure 3. The final moment-angle 
curve produced by the shifting, averaging, and curve-fit­
ting procedure is shown in Figure 4. The stiffness of the 
knee flexors was then calculated as the slope of the mo­
ment-angle curve and is plotted against moment in Fig­
ure 5. For the subject tested, the MTU stiffness of the 
knee flexors was 519 N·m·rad- I at a knee flexion moment 
of 100N·m. 
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FIGURE 3. Moment-angle curve from a single fast-active 
release before and after correction for passive stiffness and 
inertial moment. 
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FIGURE 4. The averaged moment-angle curve, for a 
representative participant, after all correction procedures, 
shifting, and curve-fitting procedures have been applied. 

DISCUSSION 

The purpose of the study was to develop a device and 
methodology to measure the MTU stiffness of the knee 
flexors. This was achieved, and values within physiolog­
ical range were obtained. Following is a discussion of the 
technical issues encountered in the course of developing 
this device and technique. 

The data analysis procedures were adopted from those 
published by de Zee and Voigt (3) and Hof(5, 6). However, 
we encountered 2 problems that made the application of 
these procedures more difficult. The first was the obvious 
difference in limb size, foot versus lower leg and foot, and 
the subsequently higher inertial moments that had to be 
corrected. According to anthropometric data provided by 
Winter (15), the moment of inertia of the combined lower 
leg and foot is approximately 25 times greater than that 
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FIGURE 5. Series elastic component stiffness of the knee 
flexors vs. moment. 

of the foot alone for an average-sized man. The second 
issue was the simple difference in the ergometers used. 
Hof and de Zee and Voigt both used a hydraulic ergom­
eter, whereas we used a typical isokinetic ergometer. The 
Cybex NORM uses a BRU-200 brushless drive module to 
power and control an S-series permanent magnet syn­
chronous motor equipped with an encoder for position 
measurement. This drive module and motor introduced a 
large amount of electrical noise that affected the signal 
clarity of the accelerometer and load cell used in the ex­
periment. 

The steps for correcting for the passive stiffness and 
inertial moments, as outlined by de Zee and Voigt, were 
applied to data obtained from the various releases with 
only minor modifications (3). The primary difference was 
the filtering cutoff used for the raw moment data from 
the fast passive and active trials. This data was low-pass 
filtered at 40Hz using a fourth order Butterworth filter. 
It was determined, using a power spectrum density anal­
ysis of the signals, that this filter cutoff preserved the 
integrity of the signal while eliminating much of the elec­
trical noise generated by the electronics of the Cybex. 

As with the corrections for passive stiffness and in­
ertial moments, we again followed the procedures out­
lined by de Zee and Voigt to angle-shift and average the 
corrected submaximal moment-angle curves. These shifts 
were necessary because each of the fast active releases 
began at a slightly different initial torque and, as dem­
onstrated by de Zee and Voigt, it is justifiable to shift the 
submaximal curves to the right so that the initial moment 
corresponds to that of the release trial with the highest 
initial moment (3). Once the submaximal moment-angle 
curves were shifted, the average of the shifted curves was 
calculated and then a quadratic curve was fit to this av­
eraged curve. The use of a quadratic fit of the data was 
based on the work of Hof, who reported that a quadratic 
fit of his data was as good as a quadratic plus linear mod­
el (6). The final moment-angle curve was produced by the 
shifting, averaging, and curve-fitting procedures (Figure 
4). The stiffness of the knee flexors was then calculated 
as the slope of the moment-angle curve (Figure 5). 

In addition to the correction and curve-fitting proce-



962 DUGAN, NEWTON, DOYLE ET AL. 

06.r---~--~----~--~----r---~--~----~--~ 

0.6 

~ 
CD 0 .4 

~ 
0.2 

10 20 30 40 60 70 60 90 

015r---~--~----~---r----r---~--~----~--~ 

~ 
" 0. 1 
::; 
w 

.c.OS O~--...Jl0::----~20:----.J-----'-----L...:...----"----------'-----'------l90 

FIGURE 6. (a) Angular displacement of ergometer arm 
measured by the built-in encoder. (b) Surface 
electromyography of the vastus lateralis band-pass filtered 
(20-300Hz) from a representative fast active release. 

dures outlined above, muscle activation of the biceps fe­
moris (BF) and vastus lateralis (VL) were monitored us­
ing surface electromyography. Bursts of activity in either 
muscle group could have confounded the results obtained 
from this experiment. Although no increases in BF activ­
ity were found across the release trials, increases in VL 
activity, presumably caused by the stretch reflex, were 
evident in many trials between 40 and 50 ms, as illus­
trated in Figure 6B. 

Therefore, only data prior to initiation of the stretch 
reflex were used in the analysis, which is why the final 
moment-angle curve presented in Figure 4 does not in­
clude the entire 35° of knee flexion used in the experi­
ment. 

The results presented here indicate that it is possible 
to perform a controlled-release measurement of the SEC 
stiffness of the knee flexors by modifying the capabilities 
of a commercial ergometer. The stiffness values presented 
for the knee flexors are higher than those reported by Hof 
and by de Zee and Voigt for the plantar flexors, 306 :!: 39 
and 506 ± 72 N·m·rad- 1 respectively, at a moment of 100 
N·m; this is to be expected, however, based on the func­
tion of the musculotendinous structures in question (3, 
6). The functional and structural differences in leg mus­
cle-tendon architecture is very well described by Alexan­
der and Ker (1). The primary knee flexors, the hamstring 
muscles, have much longer fascicles and shorter tendons 
when compared to the plantar flexors of the ankle. These 
structural differences are closely tied to the functional 
differences of the 2 muscle-tendon groups, with the ham­
string muscles generating large forces to accelerate or de­
celerate the body during activities such as running or 
jumping, whereas the plantar flexors and their longer 
tendons are more suited to store and release elastic en­
ergy during the same types of activities (1). In other 
words, it is expected that the plantar flexors would be 
more compliant than the knee flexors, based on the struc­
tural and functional differences of the 2 muscle groups. 
This was a potential obstacle for the use of the controlled­
release protocol, which is based on the measurement of 

the stored elastic energy of the tissue in question. How­
ever, despite this and the other technical difficulties, it is 
possible based on these results to measure the SEC elas­
ticity of the knee flexors with such a protocol. 

PRACTICAL ,ApPLICATIONS 

This research has demonstrated that it is possible to refit 
a commercial ergometer, such as a Cybex, for the mea­
surement of musculotendinous stiffness of the knee flex­
ors during high loading conditions. However, this proce­
dure does present some technical difficulties and will 
most likely require a combination of biomechanists, com­
puter programmers, and engineering technology person­
nel to make the appropriate ergometer adaptations. Al­
though these technical difficulties must be overcome, the 
knowledge that these commercial devices can be success­
fully refitted for this type of measurement may stimulate 
further research using this protocol. Using this technique, 
the role of the elastic characteristics of the knee flexors 
in performance and injury prevention may be examined 
in detail; this opens up an important avenue for scientific 
investigation with high relevance for the strength and 
conditioning field. Stiffness of the knee flexors may be an 
important factor in hamstring muscle strain, and it has 
been theorized that this mechanical factor is critical in 
controlling the anterior shift of the tibia during landings 
and therefore the risk of anterior cruciate ligament rup­
ture. Although further research is required, the technique 
we have developed may prove an important screening tool 
to reduce the incidence of such injuries. In the near fu­
ture, this technique should be applied to assess the effi­
cacy of various strength and conditioning programs de­
signed for prophylactic measures against ACL and ham­
string injuries. It is important to note that the modifica­
tion of this isokinetic device did not interfere with its 
standard use. It is hoped that this formative research will 
encourage equipment manufacturers to develop commer­
cial versions for more widespread implementation in ex­
ercise, rehabilitation, and sports sciences. 
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