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Force Control Is Greater in the Upper
Compared With the Lower Extremity

Evangelos A. Christou
Department of Integrative Physiology
University of Colorado, Boulder

ABSTRACT. The authors investigated whether force control is
similar between the upper and lower limbs and between contrac-
tions that involve 1 or 2 joints. Six volunteers (27.5 + 11.2 years
of age) attempted to produce consistent discrete rapid force
responses of 30, 60, and 90 N by using 6 different body postures,
3 with the upper and 3 with the lower limb. One of the postures for
each limb involved 2 joints. The standard deviation of peak force
and impulse (aggregate of the force-time curve) was significantly
greater (-25%) for the lower limb than for the upper limb (p <
.01). Contractions that involved 1 or 2 joints within a limb had
similar variability. Therefore, the upper limb might have better
control of force than the lower limb because of its extensive use in
fine motor tasks in daily activities.
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A ccurate force production from muscular contractions
is essential for the control of movement. Although

most movements in both the upper and lower limbs involve
more than a single joint, nearly all investigators of the accu-
rate control of force have focused on single-joint move-
ments in the upper limb (Carlton & Newell, 1993). The
findings from the limited number of comparisons of the
ability of individuals to control motor output with different
joints and limbs have been controversial. For example, indi-
viduals exhibited similar force variability with the index
finger, foreann, and foot during low-force (4-11 N) isomet-
ric contractions (Keele, Ivry, & Pokomy, 1987). In contrast,
when participants performed rapid aiming movements, the
fingers were more accurate than the wrist, and the wrist was
more accurate than the elbow (Langolf, Chaffin, & Foulke,
1976). Because that issue has both theoretical and function-
al significance, our purpose in this experiment was to deter-
mine whether force control was similar between the upper
and lower limbs and between contractions that involved one
or two joints.
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Method
Participants

Six adults (4 men and 2 women, 27.5 ± 11.2 years of age)
volunteered for this study. All participants were healthy,
physically active, and reported being right hand and leg
dominant. The institutional review board for research
approved the protocol, and all participants gave written
informed consent.

Apparatus and Procedure

We used a KIN-COM 500H isokinetic dynamometer
(Chattanooga Corp., Chattanooga, TN) to measure and
record forces during discrete isometric contractions. Force
was sampled at 100 Hz. For the upper limb, the postures
and activities were shoulder flexion, elbow extension, and a
two-joint movement that combined shoulder flexion and
elbow extension (similar to the bench press; Figure 1). For
the lower limb, the postures and activities were hip flexion,
knee extension, and a two-joint movement that combined
hip and knee extension (similar to a leg press).

Testing was conducted over two testing sessions within a
1-week period. In each posture, participants were instructed
to produce rapid discrete isometric forces with peak forces
of 30, 60, and 90 N, depending on the condition, with a time
to peak force of 200 ms and a force duration of 400 ms. An
example trial and the criterion force template are provided
in Figure 1G. Following each trial, we gave visual feedback
to the participants to aid them in producing the appropriate
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force-time response. Participants performed 80 trials at
each posture and force level combination. Trials were
blocked within force levels, and force levels were blocked
within postures. The order of postures and the order of
forces within a posture were random. Before testing at each
condition, the resting force exerted by the participant on the
isokinetic arm was recorded. The target force was defined
as the resting force plus the goal target force. A 1-min rest
was given to participants between each force condition and
a 3-min rest between different postures.

Statistical Analysis

The dependent variables were the intertrial mean, the
within-participant standard deviation (SD) of peak force,
and the within-participant SD of impulse (aggregate of
force-time curve). Analyses were completed over the last
50 trials at each condition. A small number of trials (< 1 %)
were eliminated on the basis of highly deviant force char-
acteristics (outliers). Those responses were random across
limbs, postures, and force levels. A three-factor analysis of
variance (ANOVA)-2 Limbs x 3 Postures x 3 Target
Forces-with repeated measures on limb, posture, and tar-
get force was used. The probability level was set at .05.

Results

As expected, the mean peak force and impulse increased
significantly with force level, F(2, 10) > 100, p < .001. Par-
ticipants exerted similar peak forces and impulses for the
upper and lower limbs, F(1, 5) < 3, p > .1, and for the dif-
ferent postures within a limb, F(2, 10) < 2, p > .1. The SD

of peak force and the SD of impulse increased significantly
with force level, F(2, 10) > 30, p < .00. Both peak force SD
and impulse SD were significantly greater for the lower
limb compared with the upper limb, F(1, 5) > 9, p < .01
(Table 1). There were no significant differences among pos-
tures within a limb for either SD of peak force or SD of
impulse, F(2, 10) < 2.5, p > .05.

Discussion

The findings of the present study are the first to indicate
that force control is greater in the upper than in the lower
limb and that force control is similar between different
articulars of the same limb, including biarticular contrac-
tions. The results contradicted previous findings that partici-
pants exhibited similar force control with the upper (fingers
and forearm) and the lower limb (foot; Keele et al., 1987).
The discrepancy might have been caused by the wider range
of force levels used in the current study (30-90 N) com-
pared with the previous experiment (4-11 N). The present
findings supported those of previous studies in which simi-
lar force control among articulars was demonstrated within
the upper limb or within the lower limb (Carlton & Medow,
1995; Keele et al., 1987) but contrasted with the findings of
Langolf et al. (1976) for aimed movements to a target.

There are at least two possible explanations for the dif-
ferences in variability between the upper and lower limbs.
First, muscles of the lower limb have, on average, larger
motor units (more fibers innervated by a single motor neu-
ron). Thus, for a given absolute force (30-90 N), fewer
motor units might have been recruited for the lower limb,
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FIGURE 1. The six force-production conditions (postures) compared in the study. The top
row represents the upper limb postures, whereas the bottom row represents the lower limb
postures. Straight arrows represent the transducer location and the direction of force appli-
cation. Curved arrows indicate the torque applied to the involved joints. Panel G shows a
comparison between a single representative trial (thin line) and the force criterion (thick line),
which was parabolic.
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which contributed to the greater fluctuations in the force
trajectory (Enoka et al., 2003) and consequently impaired
force accuracy (Christou, Shinohara, & Enoka, in press).
Second, precise movements such as drawing, typing, grasp-
ing, and manipulating objects are practiced more with the
upper compared with the lower limbs. For example, humans
appear to use the upper limb muscles approximately twice
as much as the lower limb muscles within their normal daily
routines (Kern, Semmler, & Enoka, 2001). There is also evi-
dence that practiced movements are represented more
extensively in the primary motor cortex (Karni et al., 1995).

In conclusion, the findings of this study indicated that
force control is greater with the upper than with the lower
limb; however, articulars within a limb exhibited similar
variability.

The greater force control in the upper limb might have
been caused by the greater number of motor units involved
and by the enhanced ability of the motor cortex to coordi-
nate muscle activity in the upper limb as a result of that
limb's extensive practice.
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