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Objective: Many knee rehabilitation studies have examined
open and closed kinetic chain exercises. However, most studies
focus on 2-legged, closed chain exercise. The purpose of our
study was to characterize 1-legged, closed chain exercise in
young, healthy subjects.

Subjects: Eighteen normal subjects (11 men, 7 women; age,
24.6 6 1.6 years) performed unsupported, 1-legged squats and
step-ups to approximately tibial height.

Measurements: Knee angle data and surface electromyo-
graphic activity from the thigh muscles were recorded.

Results: The maximum angle of knee flexion was 111 6 238
for squats and 101 6 168 for step-ups. The peak quadriceps

activation was 201 6 66% maximum voluntary isometric con-
traction, occurring at an angle of 96 6 168 for squats. Peak
quadriceps activation was 207 6 50% maximum voluntary iso-
metric contraction and occurred at 83 6 128 for step-ups.

Conclusions: The high and sustained levels of quadriceps
activation indicate that 1-legged squats and step-ups would be
effective in muscle rehabilitation. As functional, closed chain
activities, they may also be protective of anterior cruciate liga-
ment grafts. Because these exercises involve no weights or
training equipment, they may prove more cost effective than
traditional modes of rehabilitation.

Key Words: one-legged squats, step-ups, functional exer-
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Designing an optimal exercise regimen for knee reha-
bilitation continues to be a prevailing focus of sports
medicine and physical therapy research. Much of the

controversy surrounding knee rehabilitation concerns which
type of exercise is most appropriate at various stages of re-
habilitation. An example of this controversy is the ongoing
debate over rehabilitation after anterior cruciate ligament
(ACL) reconstruction.1–7 Given the frequency of ACL recon-
struction and the lengthy rehabilitation that follows, the search
for an optimal recovery regimen involving the most beneficial
types of exercise is an important endeavor. While many modes
of rehabilitation exercise have been used, much of the current
debate centers on the risks and benefits of open versus closed
kinetic chain exercise.

The concept of open and closed chain kinetic exercises
comes from linkage analysis in mechanical engineering. In
1955, Steindler suggested that the human body could be rep-
resented by a chain of rigid segments connected by a series
of joints.8 He observed that the pattern of muscle recruitment

in the leg was different when the foot was fixed than when
the foot was free. The term closed chain describes exercise in
which the distal appendage is fixed, as in a squat or a pull-up.
Open chain refers to movements in which the foot or hand is
relatively free, such as during seated knee extension or throw-
ing a baseball.

Both open and closed chain exercises have been studied
extensively to determine their proper place in rehabilitation
following ACL reconstructive surgery.2,4,7,9–12 The results of
cadaveric research,9,13 biomechanical analyses,14,15 and tibial
translocation studies12 suggest that closed chain exercises re-
sult in reduced anterior tibial shear force and decreased ACL
strain, while open chain exercises produce greater anterior tib-
ial shear forces and increased ACL strain, especially at 08 to
458 of extension. Still, open chain exercise continues to be an
important rehabilitation tool. Open chain isokinetic exercise is
widely used in evaluating strength recovery after ACL recon-
struction, and previous studies demonstrated higher levels of
target muscle activation during open chain exercises than dur-
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ing closed chain maneuvers.3–7 However these findings are
somewhat deceptive because open chain leg extensions in-
volve a single leg, while previously studied closed chain ex-
ercises are 2-legged activities.

The purpose of our study was to quantitatively characterize
the activation of the quadriceps during 1-legged, closed chain
exercises in young, recreationally athletic men and women.
One-legged exercises were chosen for their potential for in-
creased levels of muscle activation and their utility in practical
rehabilitation settings. Additionally we wished to study ma-
neuvers (1-legged squats and step-ups) that would not require
the use of free weights or expensive weight-training machines.

MATERIALS AND METHODS

Subjects

Written consent in accordance with institutional review board
policy was obtained from 11 men and 7 women (age 5 24.6 6
1.6 years, height 5 174.2 6 8.6 cm, weight 5 67.9 6 10.3 kg).
The subjects had no history of prior knee injury or knee surgery.
The institutional review board also approved the study.

Before testing, the skin surrounding the knee joint was
shaved and cleaned with isopropyl alcohol to ensure adequate
surface contact for electrodes. Two silver/silver chloride 3M
Red Dot surface electrodes (St Paul, MN) were placed by a
single investigator on the subject’s dominant side (the arm
with which the subject would prefer to throw a baseball) over
the muscle bellies of the vastus lateralis, vastus medialis
oblique, rectus femoris, and biceps femoris using anatomical
landmarks described by Perotto.18 The interelectrode distance
was approximately 4 cm. A single ground electrode was
placed on the ulnar styloid of the ipsilateral forearm. Electrical
impedance was determined and verified to be less than 2 kV.

An electrogoniometer (Noraxon USA Inc, Scottsdale, AZ)
was attached to the lateral aspect of the subject’s leg. A single
investigator positioned the electrogoniometer along a line
passing through the greater trochanter, the lateral femoral con-
dyle, and the lateral malleolus. Double-sided tape was used to
secure the electrogoniometer during positioning. Once in po-
sition, the goniometer was anchored more firmly to the skin
using transverse strips of 3M Blenderm surgical tape. The sub-
ject was then instructed to stand upright, and the electrogo-
niometer was set to 08.

For each trial, the analog data from the electromyographic
(EMG) leads and the goniometer was sampled and processed
with the Noraxon Telemyo System. Muscle activity signals
were collected by the surface electrodes and passed to a bat-
tery-operated FM transmitter (Noraxon USA Inc) worn by the
subject. The transmitter contained a single-ended amplifier that
filtered at a bandwidth of 15 to 500 Hz and had a common-
mode rejection ratio of 130 dB and a receiver that converted
the signal from analog to digital data with an analog-to-digital
card. From the transmitter, the signal was sent to the computer,
where the raw EMG and goniometer data were sampled at a
frequency of 1000 Hz and analyzed by the Myoresearch soft-
ware package (Noraxon USA Inc).

Experimental Protocol

Each subject performed 1-legged squats, step-ups, and max-
imum isometric voluntary contractions (MVICs). The perfor-
mance order of the squats and step-ups was randomly selected

using a random number table. Maximum isometric voluntary
contractions were performed last. The subjects were given the
opportunity to practice each exercise until comfortable with
their performance. Each subject then performed the squats and
step-ups in 3 sets of 1 repetition each. A rest period of 1
minute was given between sets, between exercises, and be-
tween MVICs.

One-legged squats were performed by having the subjects
stand on the instrumented leg with the arms outstretched and
touching a vertical pillar. The subjects were instructed to use
the pillar only to aid with balance. They were then asked to
squat down as low as possible and rise again to the upright
position using only the instrumented leg. If subjects lost their
balance, could not rise in a smooth motion, or were judged to
have used the pillar to pull themselves upright, the trial was
discarded and the exercise was performed again after the 1-
minute rest period.

Step-ups were performed by having the subjects place the
foot of the instrumented leg on a step of approximately tibial
plateau height (step height was adjusted for each subject). The
subjects were instructed to step up to full extension of the
instrumented leg and then return to the original position using
only the instrumented leg. To ensure that the subjects did not
push off the contralateral leg, they were required to stand on
the heel of the uninstrumented leg, maintaining the toes dor-
siflexed off the ground and the uninstrumented knee locked in
full extension for the entire concentric portion of the step-up.
To aid in their performance of this maneuver, subjects were
instructed to bend their torsos forward over the instrumented
knee. If a subject did not rise in a smooth motion or was
judged to have pushed off the uninstrumented leg, the trial
was discarded and the exercise was performed again after the
1-minute rest period. If a subject could not perform the ex-
ercise correctly after repeated attempts, the step was lowered
3 cm and the exercises were repeated. Three subjects (1 man,
2 women) were unable to perform step-ups at tibial plateau
height. Each was able to perform the exercise with the step
height lowered by 3 cm.

Maximum isometric voluntary contractions were measured
with the subject sitting upright on a leg exercise chair with a
padded leg extension-flexion bar contacting the distal leg. Care
was taken to ensure that the hinge center on the machine arm
was aligned with the knee joint center. The subject was secured
in the seat with thigh, hip, and shoulder straps. Quadriceps
MVICs were collected by asking the subjects to extend their
legs as hard as possible for 5 seconds against the extension
bar, which was locked at 908 of flexion. After a 1-minute rest
period, the exercise was repeated at 608 of flexion and then at
308 of flexion after an additional 1-minute rest period. Ham-
strings MVICs were collected at the same degrees of knee
flexion with the same equipment, with the subjects flexing
their legs as hard as possible for 5 seconds.

Data Analysis

We analyzed MVICs by integrating the rectified EMG sig-
nals and finding the greatest 1 second of activation for each
of the muscles during each trial (308, 608, and 908). This 1
second of greatest activation for each muscle from any trial
was assigned 100% of EMG activity for that muscle. The max-
imum integrated EMG (IEMG) of the rectus femoris and the
vastii were summed to obtain a value assigned as 100% of
IEMG activity for the quadriceps (quadriceps MVIC). The
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Electromyographic Analysis by Sex and Exercise*

Exercise
Men

Mean (SD)
Women

Mean (SD)
All Subjects
Mean (SD)

Squat
Maximum knee flexion angle (degrees)
Angle of maximum quadriceps activation (degrees)
Maximum quadriceps activation (% MVIC)

120 (21)
103 (12)†
197 (71%)

96 (19)†
85 (17)†

205 (63%)

111 (23)
96 (16)

201 (66%)
Step-up

Maximum knee flexion angle (degrees)
Angle of maximum quadriceps activation (degrees)
Maximum quadriceps activation (% MVIC)

108 (10)†
86 (11)

195 (42%)

91 (79)†
79 (12)

227 (67%)

101 (16)
83 (12)

207 (54%)

*SD indicates standard deviation; MVIC, maximum voluntary isometric contraction.
†P , .05, men versus women.

Figure 1. Relative quadriceps and hamstrings activation during 1-
legged squats.

Figure 2. Relative quadriceps and hamstrings activation during 1-
legged step-ups.

maximum biceps femoris IEMG was assigned as 100% of the
IEMG activity for hamstrings per second (hamstrings MVIC).
We used these values to normalize the dynamic contractions
recorded during the squats and step-ups. The squat and step-
up data were analyzed over 108 arcs of knee flexion during
the concentric and eccentric portions of exercise. The rectified
EMG signals from the rectus and vastii muscles were inte-
grated over these 108 arcs of motion and then summed to cre-
ate a combined quadriceps IEMG for each arc. The quadriceps
IEMG for each arc was then divided by the time-weighted
quadriceps MVIC and multiplied by 100 to express the quad-
riceps activation for each 108 arc as a percentage of the quad-
riceps MVIC (MVIC%). The same methods were used to cal-
culate the MVIC% for the hamstrings.

Data were summarized by routine descriptive statistics. Sig-
nificant differences (P , .05) were determined by repeated-
measures analysis of variance with 1 grouping factor (sex) and
2 repeated factors (exercise and knee angle interval).

RESULTS

For the squat and step-up exercises, the maximum angle of
knee flexion, angle of maximum quadriceps activation, and
maximum quadriceps activation are summarized in Table 1.
The male versus female differences in maximum quadriceps
activation were not significant. However, the differences in
maximum angle of knee flexion and angle of maximum quad-
riceps activation were significant (P , .05). Men squatted to
deeper angles of knee flexion and produced their maximum
quadriceps contraction at greater knee-flexion angles than
women.

For the step-up exercise, the male versus female differences
in angle of maximum quadriceps activation and maximum
quadriceps activation were not significant. However, the max-
imum angle of knee flexion was significantly greater (P , .05)
for the male group.

Quadriceps activation did not differ between men and wom-
en over the arcs of motion ending at 908, 608, and 308. Ac-
cordingly, the data were pooled and expressed for all subjects.
Three subjects could not perform a 908 range of motion and
were excluded. The quadriceps and hamstrings activation over
each arc of motion with n . 14 is summarized for squats
(Figure 1) and step-ups (Figure 2). The difference in quadri-
ceps activation among 908, 608, and 308 was highly significant
(P , .0001) for the eccentric and the concentric portions of
both the squats and the step-ups. No significant difference was
seen between squats and step-ups in concentric activation at
908, 608, or 308.

However, the eccentric quadriceps activation at 308 was
greater for step-ups (36 6 11% MVIC) than for squats (26 6
12% MVIC, P 5 .067). In contrast, the eccentric activation at
908 was significantly greater for squats (95 6 29% MVIC)
than for step-ups (72 6 36% MVIC, P 5 .045). Eccentric
quadriceps activation was not significantly different (P 5
.185) between squats and step-ups at 608 of knee flexion.

The hamstrings electrodes of 2 subjects became detached
during the exercises and were not discovered until after the
test. Consequently, these data could not be reported; thus, 16
subjects had complete hamstrings data. The maximum ham-
strings activation was 81 6 74% MIVC, occurring at 86 6
338 for squats, and 59 6 37% MVIC, occurring at 65 6 148
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for step-ups. No significant differences in hamstrings data
were noted between men and women.

DISCUSSION

The peak levels of quadriceps activation achieved by sub-
jects in this study were 201 and 207% MVIC for squats and
step-ups, respectively, approximately double the maximum ac-
tivation measured during isometric exercise. Exercises that
elicit maximal voluntary muscular contraction have been
shown to be very effective in increasing muscular
strength.16,19–21 The peak levels of quadriceps activation
achieved in our study are more than double those reported by
Isear et al22 and Gryzlo et al4 in unloaded 2-legged squats.
Stuart et al10 and Wilk et al16 recorded quadriceps activation
during loaded, 2-legged, closed chain exercises, and the quad-
riceps activation achieved by subjects in our study is roughly
double that reported by both groups. Some important differ-
ences in method and subject selection exist between the trials.
First, both Stuart et al10 and Wilk et al16 used free weights to
increase resistance during exercise; no weights were used in
our study. Second, Wilk et al’s subjects were trained weight
lifters and Stuart et al’s trial included only male subjects. Our
subject pool consisted of young, recreational male and female
athletes. Also interesting to note is that the quadriceps acti-
vation for 1-legged squats and step-ups remained greater than
100% MVIC at 608 of flexion in our study. Both the peak and
the sustained levels of activation suggest that 1-legged squats
and step-ups are effective in achieving a maximal voluntary
muscular contraction and would be effective in strength build-
ing for men and women. One possible advantage is that these
1-legged exercises involve neither free weights nor weight-
training equipment. Hence, they may prove more cost effective
than traditional modes of rehabilitation.

A second important feature of these 1-legged exercises is
that they involve closed chain joint kinetics. Closed chain ex-
ercises have been associated with decreased ACL strain. While
the safe or optimal level of strain for newly implanted ACL
autografts remains unknown,1,5,6 most physicians and thera-
pists have assumed that exercises that effectively strengthen
the quadriceps muscles while producing less ACL strain are
desirable.1,3,12,16 Results of cadaveric studies by More et al,9

Markolf et al,13 and Arms et al23 suggest that squatting pro-
duces significantly less ACL strain than seated leg extension,
especially between 0 and 308 of knee flexion. Mathematical
models of the biomechanical forces occurring in the knee joint
have also been used to estimate ACL shear forces.14–17 Ni-
sell14 and Wilk et al16 concluded that open chain exercises
result in anterior shear and ACL stress, with peak values ap-
proaching 700 Newtons (or 1 body weight) at approximately
308 of knee flexion. However, closed chain exercises result in
posterior tibiofemoral shear forces throughout the range of
motion.14,16 These results are identical with those obtained by
other investigators, who also demonstrated that increasing re-
sistance during open chain exercise led to a nonlinear increase
in anterior shear force,24,25 while increasing resistance during
closed chain exercise did not significantly increase tibiofem-
oral shear force in a recent in vivo study.3 Finally, studies
measuring anterior tibial displacement have been used to de-
termine ACL stress during exercise. Yack et al12 and Drez et
al26 found significantly less anterior tibial translation during
closed chain exercise, especially in ACL-deficient knees.
Clearly, exercises with closed chain biomechanics similar to

the 1-legged exercises studied here produce less anterior shear
force than open chain maneuvers. In addition, the closed chain,
1-legged exercises in our study involve increased torso flexion,
which has been shown to further decrease the anterior com-
ponent of the tibiofemoral shear force.16

Closed chain exercise also results in decreased anterior tibial
shear force because the maximum quadriceps activation occurs
at deep angles of knee flexion.11,12 Cadaveric analysis shows
that the highly activated quadriceps can pull the tibial forward
and stress the ACL between 0 and 458 of knee flexion.23,27

Studies of open chain exercises show maximum levels of
quadriceps activation between 458 and 0 degrees of knee flex-
ion.16,18 However, closed chain exercises maximally activate
the quadriceps at angles of knee flexion greater than 458.11,16,12

The 1-legged squats and step-ups in this study also demon-
strated peak activation at knee flexion angles well away from
the demonstrated ‘‘danger zone’’ for anterior tibial pull by the
quadriceps (96 6 168 in squats, 83 6 128 in step-ups). Within
the ‘‘danger zone,’’ at 308 of flexion, the 1-legged squats and
step-ups had relatively low quadriceps activation levels of
69% MVIC and 67% MVIC, respectively.

Another potential stabilizing force at the tibiofemoral joint
is hamstring cocontraction.8,22 Most published reports show a
constant, low-level hamstring activity throughout the exercise
cycle in 2-legged, closed-chain exercise.4,21,22 We found an
average biceps femoris activation of roughly 20% to 40%
MVIC throughout the exercise cycle, which is consistent with
these previously reported results. Our hamstrings data dis-
played much higher intrasubject and intersubject variability
than did our quadriceps data, making further interpretation and
description difficult. Typical coefficients of variation ranged
from 20% to 30% for quadriceps data and from 70% to 90%
for the corresponding hamstrings parameters. Additionally, our
hamstrings data reflected only EMG activity monitored from
electrodes placed over the biceps femoris muscle, ignoring the
contribution of the lateral semimembranosus and semitendi-
nosus muscles. We also made no effort to control for hip angle,
which may be an important factor in hamstrings activation.12

The primary purpose of our study was to characterize quad-
riceps activation; the hamstrings results are reported here for
completeness.

The angle required to achieve maximal quadriceps contrac-
tion with a 1-legged squat or step-up may differ among groups
of individuals. During the 1-legged squat exercise, the maxi-
mum angle of knee flexion and the angle of maximum quad-
riceps activation were significantly greater for men (1208 and
1038, respectively) than for women (1088 and 868). Yet the
level of maximum quadriceps activation was not significantly
different between the 2 groups (197% MVIC in men, 206%
MVIC in women). These data suggest that though the female
subjects did not squat as low on average as their male coun-
terparts, 1-legged squats would be equally effective for build-
ing quadriceps strength in men and women, because both
groups were exercising at close to maximum-level quadriceps
capacity.

The same trend did not exist for the step-up. Although the
maximum angle of knee flexion was significantly greater for
men (1088) than for women (918), the angle of maximum
quadriceps activation was not significantly different between
the 2 groups (men, 868; women, 798; P 5 .187). However,
when performing a 1-legged squat, the subject was instructed
to squat down as low as possible while still being able to arise
using only that leg. When attempting the 1-legged step-ups,
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subjects first attempted to step up onto a platform of knee
height. If they could not perform the step-up correctly at this
height, the platform was lowered until they could perform the
exercise. Yet, if they were successful at knee height, no trial
of increased platform height was attempted. Thus, the maxi-
mum angle and maximum angle of quadriceps activation dur-
ing step-ups may exhibit a negative skew, obscuring the true
difference between the 2 groups. Despite this variation in the
methods, the maximum quadriceps activation was not signif-
icantly different between men (195% MVIC) and women
(227% MVIC), nor was the maximum quadriceps activation
significantly different between squats (201% MVIC) and step-
ups (207% MVIC) for all subjects. One-legged squats and
step-ups appear to be equally effective in maximally activating
the quadriceps of both male and female participants.

Differences existed between the eccentric phases of 1-leg-
ged squats and step-ups. The differences in eccentric quadri-
ceps activation at 308 and 908 likely reflect the differing pat-
terns of eccentric ‘‘braking’’ that are required by the 2
maneuvers. While performing a squat, 908 of eccentric motion
occurs immediately before a change of direction (ie, beginning
the concentric, rising motion). Hence, a high level of eccentric
activation is expected as the quadriceps slow the fall of the
torso before the concentric exercise begins. However in a step-
up, 908 of eccentric motion occurs just before heel strike. Log-
ically then, less eccentric activity would be expected than in
the former scenario because most of the energy of stopping is
provided by the heel strike of the contralateral leg. The statis-
tical difference at 308 is likely of less functional significance
but appears to reflect an increased initial ‘‘braking’’ in step-
ups to lessen the impact forces of the upcoming heel strike.

Closed chain exercises have also been thought to recruit
muscles in functional, familiar patterns.22,28 Theoretically, this
should result in less time being spent in the initial learning
phase of strength building (reduction of the pretraining effect)
and more rapid entry into the muscular building phase of
strength training.16,29,30 Additionally, recruiting and activating
muscles in such functional patterns may improve propriocep-
tion and coordination, leading to decreased rates of injury.31,32

These theoretic benefits have not been proven conclusively,
since few long-term comparisons of closed and open chain
rehabilitation have been reported.1,2 However, should initial
studies prove correct in predicting these beneficial training ef-
fects, 1-legged exercises may also provide these benefits due
to their functional, closed chain kinetics. In fact, the balance
required to perform 1-legged exercises might further enhance
the coordination and proprioceptive aspects of rehabilitation.
More research with studies designed specifically to test these
variables are needed to better understand the role of balance
and proprioception in rehabilitation.

Finally, 1-legged exercises might be useful in assessing the
functional recovery of a patient without isokinetic testing.
With only 1 leg used to perform the exercise, functional com-
parisons can easily be made between the involved and unin-
volved legs. The height to which a patient can step up or the
angle to which he or she can squat with the involved versus
the uninvolved leg may provide valuable information concern-
ing the stage of functional recovery. Further research compar-
ing these 1-legged exercises in normal subjects and patients
with ACL reconstructions is ongoing at this time.

CONCLUSIONS
One-legged squats and step-ups in young, athletically active

men and women yield levels of quadriceps activation suffi-

ciently high enough for strength building. Further investigation
is needed to assess these exercises in postsurgical patients and
to further compare these exercises with other traditional modes
of rehabilitation therapy.
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