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Quiet standing is a mechanically unstable postural objective that humans typically perform with ease.
Control of upright posture requires stabilization of both translational and rotational degrees-of-
freedom that is accomplished by neuro-muscular coordination. This coordination produces a force at
the ground-foot interface (F) that is quantified by magnitude, direction (hF), and point of application
(center-of-pressure, CP). Previous research has shown that the nervous system controls muscle activation
such that CP motion occurs at both slow and fast time scales. However, it is unknown how hF varies with
respect to CP and how that relationship varies across time scales. We present a novel method for assess-
ing the frequency-dependent relative variation in hF and CP. The center-of-pressure (CP) and direction of
the ground-on-foot force (F) in the sagittal-plane during quiet standing were decomposed into 0.2 Hz-
width frequency bands within 0.4–8.0 Hz. The relation between the direction and CP was approximately
linear with a slope positively related to frequency. These frequency-dependent features of F have critical
implications for understanding balance strategy because the translational and rotational acceleration
effects of F were coupled, but with opposite phasing at high versus low frequencies. Such results suggest
a system tuned for one stability mode at low frequencies and another mode at higher frequencies. This
frequency-wise approach to examining the translational and rotational effects of humans’ preferred F
may be useful for establishing balance rehabilitation metrics, directing study of the underlying neural
mechanisms responsible for the observed coordination, and for setting a biometric standard to inform
biomimetic prosthetics and robotics.
� 2018 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Despite the apparent ease with which typical individuals stand,
the control strategy is not fully understood (Emery, 2003; Geurts
et al., 2005; Winter et al., 2003). Translation of correlational stud-
ies between clinical balance metrics and center-of-mass (CM) and
center-of-pressure (CP) excursion, velocity, and variability to clin-
ical utility and understanding of control have been limited
(Palmieri et al., 2002). This may partially result from the failure
of CM and CP location measures to quantify whole body angular
motion which is a critical component of the task.
Consideration of the direction (hF) and CP of the ground-on-foot
force (F) relative to the CM through time is a clear means of por-
traying the simultaneous control strategy of both degrees of free-
dom, because the direction of translational and angular
acceleration of the whole body induced by F is readily evident
(Fig. 1). This approach has been used to examine steady-state
walking (Gruben & Boehm, 2012; Maus et al., 2010), providing
insight on the regulation of sagittal-plane angular momentum
and inspiring robotic control (Sharbafi et al., 2013). However, to
the authors’ knowledge, that approach has not been applied to
quiet standing. Therefore, study objectives were to determine
how humans direct sagittal-plane F relative to the CM during quiet
standing and present that information in a format that can readily
be interpreted with respect to whole body translational and rota-
tional acceleration. The purpose is to facilitate intuitive under-
standing of how the physical requirements of standing are met
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Fig. 1. By changing the ratio of torque between the hip, knee, and ankle joints,
humans can produce F with different combinations of angular and translational
effects on the whole body (Panels A–D). Panels A & D show cases of the CP for which
F with a line of action passing posteriorly and anteriorly to the CM, respectively,
couples translational and angular accelerations (ah and a, respectively) with similar
senses. Panels B & C show cases of the CP for which F with a line of action passing
posteriorly and anteriorly to the CM, respectively, couples ah and a accelerations
with opposite senses. Note that F can also be directed through the CM for any CP,
resulting in translational acceleration of the CM without whole-body angular
acceleration.

Fig. 2. When F lines-of-action from multiple time instances (F1–3) are compiled and
expressed relative to a reference point on the body (such as the CM), an intersection
point (IP) may emerge.

Fig. 3. Representative data for a single participant during 50 s of quiet standing
shows the relation between sagittal-plane CP and hF. Unfiltered data (light gray)
appear as a cloud. As an example, bandpass filtering each of the CP and hF signals
with a 0.5–0.7 Hz band reveals an approximately linear relation (dark trace).
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and introduce a metric of neuromuscular control with potential for
assessment of impaired individuals.

Over time, quiet standing requires translational and angular
acceleration of the whole body to each average zero. Instanta-
neously, there will be non-zero whole-body and/or segmental
translational and angular accelerations, however, the body coordi-
nates these dynamics such that the CM remains near or above the
base of support and the rotation of the long axes of the legs and
torso do not deviate more than approximately 10 degrees from
vertical. Despite anatomical and physiological constraints on the
feasible possibilities for segmental accelerations (Kuo & Zajac,
1993), there are infinitely many ways to control F to meet these
requirements. Humans likely select a pattern of F tuned to the iner-
tial properties of the body (Creath, et al., 2005) with considerations
for costs such as stability (Hof, Gazendam, & Sinke, 2005) and
energy expenditure (Kuo, 1995).

Comparable physical requirements apply to steady state walk-
ing, where the pattern of F has been concisely characterized and
is considered favorable for maintaining upright posture (Gruben
& Boehm, 2012; Maus et al., 2010). In the sagittal-plane during
the single-leg stance phase of steady-state walking, the F line-of-
action relative to the CM approximately intersects a point on the
body (IP, Fig. 2) located at a height greater than the CM. The inter-
section point behavior is an equivalent representation of the nearly
linear variation between hF and the CP (for small hF � Fx/Fz, Fig. 2).
This IP F pattern, when used with appropriate CP shift, produces
whole-body angular acceleration toward upright with increasing
magnitude for increasing whole-body angular deviations from ver-
tical (Gruben & Boehm, 2012; Maus et al., 2010). Additionally,
translational acceleration of the CM towards the center of the base
of support increases with lateral deviation. Falls typically occur
with similarly-coupled whole-body forward or backward angular
and translational velocities (Runge, et al., 1999), and thus, the IP
behavior in walking has been considered useful for remaining
upright (Gruben & Boehm, 2012; Maus et al., 2010). The presence
of IP behavior during standing could similarly explain resistance
to small translational and angular perturbations.

The relation between the unfiltered hF and CP during quiet
standing is not linear (Fig. 3). Further inspection reveals brief,
approximately linear, relations between hF and CP. This character
suggested that a frequency-wise analysis of the relation between
the hF and CP is warranted. Additionally, previous research
(Zatsiorsky & Duarte, 1999, 2000) quantified the horizontal compo-
nent of F (Fxy) during quiet standing and reported a correlation
between Fxy and CP for frequencies above 0.4 Hz. Therefore, we
hypothesized that the >0.4 Hz portion of CP and hF would vary lin-
early such that the F lines-of-action are well-characterized by an
intersection point (IP).



Fig. 4. The slope of the hF versus CP relation varies by frequency. For example, in a
representative trial (Fig. 3), the slope of the relation in the 2.6–2.8 Hz band (light
gray) is steeper than in the 0.5–0.7 Hz band (dark gray). The high variance
accounted for by a 1PC for each of these bands (Fig. 5) indicates that the relation
was well-described by an IP. The steeper slope of the 1PC of the higher frequency
component (dark line) is indicative of a lower IP height compared to the 1PC of the
lower frequency component (light gray line).

Fig. 5. The relation between hF and CP is well-described as linear, as quantified by
the high mean percent variance accounted for (VAF) for all participants (median,
boxed quartiles, whiskers range). A single IP outlier was removed from further
analysis due an intersection point being a poor descriptor of the F behavior
(VAF < 0.7) for one participant in the 3.4–3.6 Hz frequency band.
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2. Methods

2.1. Experiment

Participants stood quietly with their arms at their sides, feet
together, viewing an ‘X’ at head height 1 m anterior. One 50 s trial
was recorded per participant on a 6-axis force-plate (1000 Hz, 16-
bit A/D converter, National Instruments, Austin, TX, USA). The 50 s
trial length provided reliable frequency content down to 0.4 Hz and
was motivated by preliminary 10 min trials yielding no correlation
between hF andCPat frequencies below0.4 Hz. Statements regarding
signal content below 0.4 Hz are not addressed in this manuscript.

2.2. Participants

Ten non-impaired adults participated in this experiment (4
female and 6 male, aged 24.2 ± 10.3 years). Participant exclusion
criteria consisted of neuromuscular diseases or current muscu-
loskeletal injuries. Participation was voluntary, written consent
was obtained, and the protocol was approved by the University
of Wisconsin Institutional Review Board. CM height was estimated
as 56% of body height with 1% standard deviation (Croskey, et al.,
1922). CM height was assumed constant across time, because ver-
tical excursion due to body sway was on the order of sub-
millimeter (assuming less than 0.5� ankle sway (Loram,
Maganaris, & Lakie, 2005)) which is more than an order-of-
magnitude smaller than the uncertainty in the CM height estimate.

2.3. Analysis

The anterior-posterior CP and hF signals were bandpass-filtered
(zero-lag, 2nd-order Butterworth) in bands of 0.2 Hzwidth centered
on frequencies from 0.5 to 7.9 Hz at 0.2 Hz increments (38 non-
overlapping bands). Multiple bands were analyzed to resolve IP
height variation with frequency. The power spectrum was calcu-
lated for CP and hF (Hann window) to report distribution of signal
energy. Student’s t-tests were used on each frequency bin to test
for significant IPheightdifference fromtheheight of theCM(Bonfer-
roni correction: alpha-level of 0.05 adjusted for 38 tests, p < 0.0013).

The first principal component (1PC) of the relation between hF
and CP (each standardized by dividing by the respective standard
deviation) in each frequency band was calculated. The height of
the IP was calculated as the inverse slope of the 1PC. Note that
any frequency-dependent horizontal IP offset from the CM cannot
be resolved due to the bandpass filtering. The variance accounted
for (VAF) by the 1PC was calculated to assess the ability of the
intersection point to describe the relationship between CP and hF.
3. Results

In each frequency band, F was well-described through time as
having lines-of-action intersecting near an IP (Figs. 3–5). The
height of the IP varied systematically with frequency, with height
above the CM at low frequencies and below the CM at high fre-
quencies (Fig. 6). The IP height was not significantly different from
CM height between 1.2 and 2.6 Hz.

The frequency-specific relation between CP and hF was well-
described as approximately linear (high VAF, Fig. 5) indicating that
an intersection point was a good predictor of hF from CP. Limita-
tions on the reliability of the frequency-based analysis could arise
due to the finite measurement duration. Reliability is expected to
be better for higher frequencies due to the larger number of cycles
included. However, the data showed that a line describes the hF
versus CP behavior best at low frequencies and less accurately at
higher frequencies (Fig. 5). Possible explanations include decreased
linearity in the behavior and lower signal power at high frequen-
cies (Fig. 8). Longer pilot trials of 600 s provided IP heights similar
to those reported here but incurred larger risks of fatigue and bore-
dom that could interfere with the desired task objective. Those
considerations lead to the chosen 50 s duration.

4. Discussion

During quiet standing, humans must use hip, knee, and ankle
torque coordination to produce F appropriate for maintaining rota-
tional and translational time-averaged equilibrium. This study
determined the structure of that coordination above 0.4 Hz and
revealed a consistent variation with frequency across participants.
The IP behavior is an equivalent representation of the nearly linear
variation between hF and the CP (for small hF � Fx/Fz, Fig. 2). The IP
behavior characterizes a controller with three principal features:
(1) systematic covariation between hF and CP, (2) interpersonal
consistency of the functional relationship between IP height and
frequency, and (3) the ability to stabilize the range of combined



Fig. 6. The IP height (median, boxed quartiles, whiskers range) decreased as
frequency increased. CM height is indicated as a line at 1.0 with dashed lines
indicating ±1% standard deviation. The region from 1.2 to 2.6 Hz is shaded to
highlight the region where mean IP height was not significantly different from CM
height.

Fig. 7. If the body has translational and angular velocity (Panel A: v, x) that will
lead to a fall if not arrested (forward to the right in this example), the body must
respond with appropriate translational (to the left) and rotational (counter-
clockwise) acceleration using the force of the ground on the feet (F). Finite foot-
length limits the ability to accomplish both simultaneously with larger perturba-
tions, which necessitates prioritization of balance strategies based on the following
physical conditions: Without stepping or pronounced rotation of some body
segment (e.g. arm wind-milling), it is not possible to remain standing if the gravity
line is outside the base-of-support. This places a fairly rigid constraint on the
anterior-posterior location of the CM. On the contrary, humans can remain standing
with whole body orientation significantly deviated from anatomical position (e.g.
standing on one leg with the other leg, arms, and torso all oriented horizontally or
even nearly inverted) at the cost of increased joint torque. The body can respond
quickly (high-frequency) by using a relatively large translational acceleration
consistent with a sub-CM IP (panel B: a1, IPsub) to attend to the more urgent problem
of translational motion at the cost of angular acceleration in the opposite direction
of upright (a1). That angular motion result in postural change (panel C). A slower
acting (low-frequency) response consistent with a supra-CM IP (panel C: IPsup)
provides relatively slower translational correction (a2 < a1) but provides the angular
acceleration (a2) appropriate for resuming quasi-static upright posture (panel D).

Fig. 8. Power distributions for each participant above 0.4 Hz for both CP and hF
show decreasing signal energy with increasing frequency. The approximate
frequency band that produced supra-CM IP’s (between 0.4 Hz and 1.2 Hz, the
lower boundary of the CM crossing band) contained 86.8% of the CP and 56.9% of the
hF signal energy above 0.4 Hz. The frequency band with IP height statistically
indistinguishable from CM height (1.2–2.6 Hz) contained 10.7% of the CP and 22.2%
of hF signal energy above 0.4 Hz. Thus, 2.5% and 20.9% of CP and hF signal energies
contributed to sub-CM IP locations (above 2.6 Hz). The region from 1.2 to 2.6 Hz is
shaded to highlight the region where mean IP height was not significantly different
from CM height. Both scales are logarithmic. To present the primary features of the
power distribution, each curve drawn is a second-order polynomial fit to each
participant’s power spectrum.
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translational and angular balancing demands present in quiet
standing.

The mechanics of the task of quiet standing do not prescribe
that an IP exists nor that the IP has any specific height at any par-
ticular frequency. Many solutions of F(t) within the feasible accel-
eration space for humans (Kuo, 1995) can meet the zero time-
average requirements of translational and rotational acceleration
required for standing. The biomechanical constraints of muscle
strength, joint range of motion, and finite foot length which limits
CP excursion but not F direction, impose boundaries on feasible
solutions for remaining upright, but they do not constrain humans
to a unique solution. The preference for IP behavior reflects a neu-
ral strategy that likely weighs costs such as metabolic expenditure,
ease of control structure, deviation from upright posture, and con-
troller stability in the context of the inertial and anatomical prop-
erties of the multi-segmented human-body linkage.

The height of the IP relative to CM is important to consider
because it dictates the sign coupling between changes in transla-
tional and angular acceleration that occur with CP shift. Typically,
as a person begins to tip over forward, ankle torque is used to shift
the CP forward toward the toes. Backward translational and back-
ward angular accelerations of the whole body are needed to pre-
vent falling (the opposite holds for backward tipping). With
forward CP shift, an IP with height above the CM increases the
backward translational and backward angular acceleration effect
of F. Thus, an IP higher than the CM may be viewed as stabilizing
when the body acts approximately rigidly above the ankle as is
common in the presence of minimal perturbation (referred to as
a kinematic ‘‘ankle strategy” (Kuo, 1995; McCollum and Leen,
1989; Runge et al., 1999)). This argument supports the use of the
observed ankle strategy for small disturbances despite the speed
and neural delay robustness associated with a hip actuation strat-
egy (Kuo, 1995; McCollum and Leen, 1989).

Finite foot length, however, limits ankle strategy (Kuo, 1995).
For example, when falling forward, a person cannot simultaneously
produce F with a relatively large posterior horizontal component
and a large posteriorly pitching torque about the CM. The CP of that
F would need to be anterior to the toes. However, a sequence of
balancing strategies (Fig. 7) that utilizes fast-acting sub-CM IP
behavior followed by slow-acting supra-CM IP behavior can be
used for recovery. This strategy is possible without modifying the
control strategy observed in this study, but simply by shifting
energy to higher, then lower, frequencies (Cheng & Yeh, 2015). In
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addition, the relatively low signal power contributing to high fre-
quency sub-CM IP behavior (2.5% of CP and 20.9% of hF signal
energy above 0.4 Hz) is consistent with the reduced need for this
strategy during quiet standing. Future studies should characterize
the IP during perturbation or other conditions which challenge bal-
ance, where a sub-CM IP may be of greater necessity.

The use of ankle joint actuation for slow movements to attenu-
ate small disturbances and hip joint actuation for fast movements
to attenuate larger disturbances has been observed by (Cheng &
Yeh, 2015), and is consistent with observations of (Kuo, 1995). In
addition, Kuo approximated some of that human behavior with
an optimal control model. The model was primarily driven by a
penalty for CM excursion and deviation from upright stance, with
consideration for anatomical constraints, energetic cost, and the
feasible acceleration space of the lower limb joints. While that
work did not identify the explicit control objectives of the central
nervous system, the ability of the optimization algorithm to arrive
at behavior compatible with the IP behavior observed in the cur-
rent study highlights the factors that likely contribute to the pres-
ence of an IP and the shape of the IP vs. frequency curve. It is
unclear how the filter properties of the body’s mechanics, sensory,
and processing systems constrain the IP and how much flexibility
humans have in trading off stability and energetic costs. Imple-
mentation of a model similar to that of (Kuo, 1995) with the addi-
tional constraints of matching IP behavior could reveal answers to
these questions, and thus, provide insight on the nervous system’s
control structure and priorities. The model could also be used to
investigate how the interaction of neural control and mechanics
influence IP behavior and the associated stability implications.

In a similarly three-segmented model, (van der Kooij et al.,
1999) used optimal estimation theory to validate a model of
upright sagittal stance capable of quantifying the effects of sensory
uncertainty on standing stability. In their model, it was shown that
inherent systemic time delays in proprioceptive transmission pro-
duce an unstable system in the absence of a predictive state con-
troller. Optimal estimation of that necessary body state
prediction was based on sensory uncertainty. The observed IP
behavior (particularly the systematic preference for employing dis-
tinct coordination patterns at specific frequencies) may be a feed-
forward means of enhancing body state prediction. Further work
should investigate the sensitivity of the IP curve to manipulation
of sensory feedback reliability and environmental perturbation
uncertainty to test this relationship. For example, small destabi-
lization of the support surface could reduce the predictability of
distal proprioceptive feedback and encourage a stiffening strategy
to act as a one-segment inverted pendulum model (ankle strategy
(Kuo, 1995; McCollum & Leen, 1989). This would help stabilize the
head, where the more reliable visual and vestibular feedback
modalities can be sourced. Behaviorally this would appear as reli-
ance on ankle strategy and would be expected to correspond to
accentuation of behavior with IP above the CM.

This study reveals an interesting F pattern above 0.4 Hz, but it is
important to also consider the implication of content below this
frequency. The coordination strategy contributing to accelerations
below 0.4 Hz is beyond the scope of this study but should be char-
acterized alongside the results of the current study to yield a more
complete understanding of control.

IP characterization of standing may be a powerful, simple tool
for characterizing standing balance. In comparison, traditional
methods that only characterize CP dynamics (Benda et al., 2008;
Collins and De Luca, 1993; McClenaghan et al., 1994; Palmieri
et al., 2002) provide limited perspective on motor behavior. Motor
control changes occurring with aging and disease should be exam-
ined with the current approach to provide insight on possible
mechanisms of change and impairment and detect trends toward
balance problems before clinically significant behaviors are
observed. Characterization of IP behavior in each foot for unim-
paired, perturbed, aged, and diseased populations could provide
additional insight. While this study assumes Fz is relatively con-
stant, effects due to Fz variation between limbs could also factor
into IP behavior and should be investigated. Overall, IP characteri-
zation provides insight on control, ease of standing, recovery from
perturbation, and may have clinical relevance in treatment and
detection of disease.

Conflict of interest statement

The authors report no conflict of interest.

Acknowledgements

The authors acknowledge the helpful comments of the anony-
mous reviewers and the financial support of the University of Wis-
consin Graduate School and Foundation (V.H. Henry Fund). We
would also like to thank the Marsh Center for Exercise and Move-
ment Research for the generous support of this work. The sponsors
had no role in the study or publication decisions.

References

Benda, R.J., Riley, P.O., Krebs, D.E., 2008. Biomechanical relationship between center
of gravity and center of pressure during standing. IEEE Trans. Rehab. Eng.

Cheng, K.B., Yeh, C.K., 2015. A unified approach for revealing multiple balance
recovery strategies. Hum. Mov. Sci. 44, 307–316. https://doi.org/10.1016/j.
humov.2015.10.001.

Collins, J.J., De Luca, C.J., 1993. Open-loop and closed-loop control of posture: a
random-walk analysis of center-of-pressure trajectories. Exp. Brain Res. 95 (2),
308–318.

Creath, R., Kiemel, T., Horak, F., Peterka, R., Jeka, J., 2005. A unified view of quiet and
perturbed stance: simultaneous co-existing excitable modes. Neurosci. Lett.
377 (2), 75–80.

Croskey, M.I., Dawson, P.M., Luessen, A.C., Marohn, I.E., Wright, H.E., 1922. The
height of the center of gravity in man. Am. J. Physiol. 61 (1), 171–185.

Emery, C.A., 2003. Is there a clinical standing balance measurement appropriate for
use in sports medicine? A review of the literature. J. Sci. Med. Sport. 6 (4), 492–
504.

Geurts, A.C.H., de Haart, M., van Nes, I.J.W., Duysens, J., 2005. A review of standing
balance recovery from stroke. Gait Posture 22 (3), 267–281.

Gruben, K.G., Boehm, W.L., 2012. Force direction pattern stabilizes sagittal plane
mechanics of human walking. Hum. Mov. Sci. 31, 649–659.

Hof, A.L., Gazendam, M.G., Sinke, W.E., 2005. The condition for dynamic stability. J.
Biomech. 38 (1), 1–8.

Kuo, A.D., 1995. An optimal control model for analyzing human postural balance.
IEEE Trans. Biomed. Eng. 42 (1), 87–101.

Kuo, A.D., Zajac, F.E., 1993. Human standing posture: multi-joint movement
strategies based on biomechanical constraints. Prog. Brain. Res. 97, 349–358.

Loram, I.D., Maganaris, C.N., Lakie, M., 2005. Human postural sway results from
frequent, ballistic bias impulses by soleus and gastrocnemius. J. Physiol. 564 (Pt
1), 295–311.

Maus, H.M., Lipfert, S.W., Gross, M., Rummel, J., Seyfarth, A., 2010. Upright human
gait did not provide a major mechanical challenge for our ancestors. Nat.
Commun. 1 (6), ncomms1073.

McClenaghan, B.A., Williams, H., Dickerson, J., Thombs, L., 1994. Spectral signature
of forces to discriminate perturbations in standing posture. Clin. Biomech.
(Bristol., Avon.) 9 (1), 21–27. https://doi.org/10.1016/0268-0033(94)90054-X.

McCollum, G., Leen, T.K., 1989. Form and exploration of mechanical stability limits
in erect stance. J. Mot. Behav. 21 (3), 225–244.

Palmieri, R.M., Ingersoll, C.D., Stone, M.B., Krause, B.A., 2002. Center-of-pressure
parameters used in the assessment of postural control. J. Sport Rehabil. 11 (1),
51–66.

Runge, C.F., Shupert, C.L., Horak, F.B., Zajac, F.E., 1999. Ankle and hip postural
strategies defined by joint torques. Gait & Posture 10 (2), 161–170.

Sharbafi, M.A., Maufroy, C., Seyfarth, A., Ahmadabadi, M.N., Yazdanpanah, M.J.,
2013. Robust hopping based on virtual pendulum posture control.
Bioinspiration Biomimetics 8 (3). 036002.

van der Kooij, H., Jacobs, R., Koopman, B., Grootenboer, H., 1999. A multisensory
integration model of human stance control. Biol. Cybern. 80 (5), 299–308.

Winter, D.A., Patla, A.E., Ishac, M., Gage, W.H., 2003. Motor mechanisms of balance
during quiet standing. J. Electromyogr. Kinesiol. 13, 49–56.

Zatsiorsky, V.M., Duarte, M., 1999. Instant equilibrium point and its migration in
standing tasks: rambling and trembling components of the stabilogram. Mot.
Control 3 (1), 28–38.

Zatsiorsky, V.M., Duarte, M., 2000. Rambling and trembling in quiet standing. Mot.
Control 4 (2), 185–200.

http://refhub.elsevier.com/S0021-9290(18)30875-3/h0005
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0005
https://doi.org/10.1016/j.humov.2015.10.001
https://doi.org/10.1016/j.humov.2015.10.001
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0015
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0015
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0015
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0020
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0020
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0020
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0025
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0025
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0030
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0030
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0030
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0035
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0035
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0040
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0040
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0045
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0045
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0050
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0050
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0055
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0055
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0060
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0060
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0060
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0065
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0065
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0065
https://doi.org/10.1016/0268-0033(94)90054-X
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0075
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0075
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0080
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0080
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0080
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0085
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0085
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0090
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0090
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0090
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0095
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0095
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0100
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0100
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0105
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0105
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0105
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0110
http://refhub.elsevier.com/S0021-9290(18)30875-3/h0110

	Frequency-dependent contributions of sagittal-plane foot force �to upright human standing
	1 Introduction
	2 Methods
	2.1 Experiment
	2.2 Participants
	2.3 Analysis

	3 Results
	4 Discussion
	Conflict of interest statement
	Acknowledgements
	References


