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Abstract

ABSTRACT

Bipedal standing is one of the fundamental behaviors in human be-

ing, and the understanding of its control mechanism and stability is es-

sential for the quality of life of the elderly and the improvement of sport

performances. The understanding of the relationship between body fluc-

tuations and muscle activities during quiet standing will enhance the

knowledge of the human body controller in the central nervous system,

and yet it has not fully understood due to the aperiodicity and nonlinear-

ity of the body sway and small muscle activities. In this dissertation, I

investigated the postural control mechanism and postural stability from

the aspect of biomechanics (in vivo) and bioengineering (in silico).

In Study 1, 2, and 3, I investigated the coordinative structure of kine-

matics and muscle activities during tiptoe standing. In Study 1, I com-

pared joint coordination during tiptoe standing between ballet dancers

and non-dancers to investigate the change in kinematic coordinative struc-

ture through balance training. Joint coordination was calculated by us-

ing principle component analysis and the ankle-knee coordination in the

sagittal plane showed in-phase coordination for ballet dancers while non-

dancers showed its anti-phase coordination. This study indicated the

plasticity of joint coordination through training and the possibility that

joint coordination reflects balance stability during standing. Then I inves-

tigated the relationship between joint coordination patterns and muscle

co-activation in Study 2. The surface electromyograms (EMG) over 13 leg

muscles were recorded together with kinematic data, which was used for
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Abstract

the calculation of joint coordination in the same way as Study 1. I found

that in-phase coordination, which was the feature of joint coordination

in ballet dancers in Study 1, was associated with EMG-EMG coherence

(muscle co-activation) up to 50 Hz, while anti-phase coordination was not

associated with muscle co-activation in such a high frequency band. The

relationship between kinematics and kinetics coordination was proved for

the first time in this study. Moreover, I investigated the relationship be-

tween joint phase transition in a short period and muscle activations in

Study 3. The joint phase transition (joint coordination) was computed

by using the Hilbert transformation in this study. I observed the cross

correlation between phase transitions and EMG signals, suggesting that

short periods of phase transitions is controlled via muscle activities.

In Study 4 and 5, I investigated the function of intermittent feed-

back control for human bipedal standing in silico (Study 4) and in vivo

(Study 5). In Study 4, I implemented computer simulation of a quadruple

inverted pendulum as a model of human tiptoe standing. I set an inter-

mittent feedback PD controller with joint viscoelasticity and joint control

strategy (intermittent, continuous, or passive) as simulation parameters.

First, I confirmed that the joint fluctuations of the pendulum showed

similar properties as the actual human body oscillations during tiptoe

standing. Among the 480 pairs of simulation parameters, I found only 30

pairs that can stabilize the pendulum for more than 60 seconds, in which

the hip must always be controlled intermittently. Also, postural robust-

ness of the pendulum varied with different joint control strategies, which

accompanied with the change in kinematic joint coordination. This study
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Abstract

showed the necessity of intermittent feedback controller for the postural

control during quiet standing of multi-segment human body. However,

the function of intermittent control regarding muscle activities has not

yet been understood at all. So in Study 5, I investigated intermittent

muscle activity during quiet standing in vivo. Kinematic and kinetics

(EMG) data were recorded to analyze the EMG on/off switch timing in

the phase plane and the contribution of EMG on/off switching to control

output (that is, joint torque). Both EMG on and off periods were dis-

tributed in the first and third quadrant of the phase plane where unstable

manifolds of the system are considered to exist. In addition, the EMG

on/off switching was associated with joint torque fluctuations along with

anatomical direction of action for each muscle. This is the first study to

demonstrate the function of intermittent muscle activations towards the

control output.

In summary, I found various evidences regarding postural control

mechanism from the viewpoint of the structure at musculoskeletal level,

its function, and expertise (or plasticity). This dissertation deepened

the understanding of postural control mechanism in which the control

system selects suboptimal control strategy among the redundant system

for stabilizing the body in a constantly changing environment.
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General Introduction

General Introduction

Balance stability of quiet standing

In our daily life, we humans must stabilize our bodies in a variety

of postures. Human body during quiet standing is inherently unstable,

which is because the passive stiffness of the muscle-tendon-ligament is

insufficient to compete with the gravitational toppling torque (Loram

and Lakie 2002a; Casadio et al. 2005). Because of this, human upright

posture should make an ”unstable equilibrium” of saddle type in multi-

dimensional state space consisted of multi-joint angular positions and

velocities. That is, the state of the postural control system moves in

a phase space converging towards the equilibrium along stable manifolds

but diverging away from the equilibrium along unstable manifolds as time

elapses. Therefore, the state of the system must be controlled actively in

the vicinity of the equilibrium to maintain upright posture.

Sensory systems respond to afferent signals of body fluctuations and

transmit sensory signals to the controller in the central nervous system

(CNS) to achieve postural stability. Then the CNS sends out efferent sig-

nals to muscles and tendons as motor commands. The fluctuation of the

center of pressure (CoP) is the final control output, the displacement of

which results from the coordinative interaction of various sensory compo-

nents such as visual, vestibular, proprioceptive, and cutaneous systems.

Because the CoP is fluctuating with a restriction of its behavioral range

(that is, the base of support), the time series of the CoP has been often

9



General Introduction

used for the analysis of postural stability during quiet standing.

Many researchers have focused on ballet dancer’s movement or cog-

nition process because dancing movements involves embodied cognition

about themselves and environment. Many studies have investigated their

postural control mechanism, which may reflect the expertise of balance

control, by using CoP analysis. CoP path length, sway amplitude, and

sway area (rectangular or 95% confidence level of ellipse) are traditional

linear analysis for measuring postural stability (Gerbino et al. 2007; Stins

et al. 2009; Kilby and Newell 2012). Non-linear method is useful to fo-

cus more on postural controller such as open-loop and closed-loop of the

feedback control system, and this method has been used for detecting

unstable posture in the elderly (Collins and De Luca 1995), Parkinson’s

disease patients (Mitchell et al. 1995), and during muscle fatigue (Gim-

mon et al. 2011). However, these results are not always consistent both

in linear and non-linear CoP analysis (Tanabe et al. 2014).

CoP analysis is useful to easily estimate the whole body oscillation

because the CoP is coherent with the whole body center of mass (CoM).

However, the CoP is just the outcome of the control, which is via motor

command, muscular activities, and multi-joint oscillations. Therefore,

it is essential to comprehensively understand the whole postural control

mechanism from the aspect of motor behavior (expertise, motor plastic-

ity, and associating motor learning and learning environment; Study 1),

musculoskeletal coordinative structure (multi-joint oscillation and mus-

cle co-activation; Study 2 and 3), modeling (internal model and function

of control input and output; Study 4), and system (comprehensive sys-
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General Introduction

tem dynamics; Study 5). In this dissertation, I examined all of those

components of postural control mechanism with five studies (Fig 1).

internal
model

muscular
system

multi-joint
skeletal system

skeletal
coordinative

structure

training
effect

(Study 1)

(Study 4)

time lag

joint
property

necessity of
intermittent control

& postural robustness

muscle coordination
& joint coordination

(Study 2)

⇨ temporal change
(Study 3)

difference in 
viscoelasticity

(Study 4)

Musculoskeletal Coordination

Expertise

Environment

Learning

Modeling

r

control information (r), control output (u), 
 & muscle phasic activity 

Comprehensive System & Function

(Study 5)

Postural Control Mechanism

Figure 1: Comprehensive postural control mechanism of human bipedal stand-
ing. Multi-joint body segments oscillate during standing with coordinative
structure as an outcome of motor control. In Study 1, I investigated the ballet
training effect on such skeletal behavior, reflecting postural expertise, learn-
ing, and social demand (environment) to postural control strategy. Then, I
demonstrated the relationship between joint coordination and muscle coor-
dination in Study 2 and the temporal change in such relationship in Study
3. These two studies revealed the direct contribution of muscle coordinative
structure to generate joint coordination. Then I implemented computer sim-
ulations of human bipedal standing in Study 4 for examining the relationship
between control strategy in the internal model, joint properties, and skeletal
behavior (motor output). It was suggested in Study 4 that intermittency in
the postural control mechanism is necessary to stabilize the body under un-
stable conditions. Lastly, I extracted such intermittent (phasic) component of
muscle activities from experimentally recorded surface electromyography data
in Study 5. This allowed me to investigate the direct relationship between joint
oscillations as control information in a feedback loop, individual muscle activ-
ities, and torque output during aperiodic human quiet standing, leading to a
comprehensive understanding of postural control mechanism and its function.

Coordinative structure in kinematics and kinetics

Many studies have focused on joint coordination during quiet stand-

ing as a simple motor output among an infinite number of neural-muscular-
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General Introduction

skeletal control strategies (Kuo et al. 1998; Aramaki et al. 2001; Pinter

et al. 2008; Hsu et al. 2013; Kato et al. 2014; Tanabe et al. 2014).

Some of them focused on aging effect on joint coordination during quiet

standing (Hsu et al. 2013; Kato et al. 2014) and balance training effect of

ballet dancers during tiptoe standing (Tanabe et al. 2014). These stud-

ies indicate the plasticity of postural control mechanism through aging or

training is reflected in joint coordination. In addition, it was found that

joint coordination has relationship between the center of mass (CoM) ac-

celeration (Sasagawa et al. 2014) and the mutual relationship between

CoP and CoM (Wang et al. 2014), indicating that joint coordination has

some function for the postural stabilization during quiet standing.

Joint coordination represents the coupling patterns of two adjacent

joints involving three segments’ oscillations, which may be controlled by

muscle activities associated with the fluctuations of the two joints. Re-

garding the synchronous muscle activities during quiet standing, the co-

herence between two electromyography (EMG) signals, which represents

muscle co-activations in the frequency domain, has been demonstrated

(Boonstra et al. 2008; Saffer et al. 2008). EMG signals can be di-

vided into the frequency domain of alpha, beta, and gamma bands, and

these bands are associated with different neural commands of the CNS

(Ushiyama 2013). Thus, EMG-EMG coherence is useful to speculate the

kinetic strategy of postural control via motor cortex.
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General Introduction

Skilled postural control of ballet dancers

Many researchers have focused on their movement or cognition pro-

cess because dancing movements involves embodied cognition about them-

selves and environment, so investigating dancers’ performance is benefi-

cial for studying motor control, expertise, and action-perception links.

Dance training enhances sensorimotor functions for postural control. For

instance, dancers maintain given postures for longer durations (Crotts et

al. 1996) and can keep more vertical alignment during stepping (Chat-

field et al. 2007). Many studies showed ”better balance skills” in dancers

(Golomer et al. 1997a,b; Golomer et al. 1999; Bruyneel et al. 2010),

however, many of them focused on only time series of center of pressure

(CoP) and center of mass (CoM) during standing and did not directly

reveal ”why the body oscillations of dancers is better”. That is, defi-

nition of postural stability and the neural-muscular-skeletal mechanism

underlying dancers postural control is still unclear.

Frank and Earl (1990) state that muscle synergies for postural con-

trol is associated with the selection of specific motor programs occur-

ring in various areas of the central nervous system (CNS) including the

motor cortex, the brainstem motor regions, and the spinal cord. Af-

ferent feedback from the environment via somatosensory neurons in the

proprioceptive, visual, and vestibular systems contributes to the postu-

ral maintenance. Dancers’ postural control expertise may be based on

improved somatosensory functions associated with changed multimodal

processing, and enhanced proprioceptive skills, such as the balance abil-
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ity with sensory interference, may contribute to the expertise (Jola et

al. 2011). Dance training shifts the relative sensorimotor dominance

from vision to proprioception, suggesting that dancers have more accu-

rate position sense based on proprioceptive information (e.g., Golomer

and Dupui 2000). Position-matching tasks involving hand location in

space have empirically revealed dancers’ accurate position sense (Jola et

al. 2011).

One of the dance specific postures is tiptoe standing (called relevé

in ballet) and there are some biomechanical research regarding tiptoe

standing. For example, Albers et al. (1992/1993) investigated foot plan-

tar pressures during tiptoe standing with pointe shoes. Muscle activi-

ties have also been recorded during tiptoe standing and their amplitudes

were found to be different with changing in leg positions such as turn-out

(Kadel et al. 2004; Mass et al. 2004). There are some other researches

dealing with tiptoe standing, however, most of them are conference ab-

stract level and hard to share. We have to struggle to understand dancers

postural control expertise with sharing more research database.

Modeling of human bipedal standing

Inverted pendulum model has been used as a linearized way of de-

scribing human bipedal standing (Peterka 2002; Lakie et al. 2003; Bot-

taro et al. 2005; Asai et al. 2009; Suzuki et al. 2012). The system

of the pendulum is linearized at the vicinity of the equilibrium because

joint fluctuations are small enough to approximate the colioris force to

be zero because the sway amplitude and velocity are very small during
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General Introduction

quiet standing even during tiptoe standing. Modeling the human bipedal

standing allows us to understand the internal model of human postural

control and the dynamics of the state point and to investigate necessary

and sufficient conditions for the postural stability and robustness consti-

tutively.

The inverted pendulum model for human quiet standing has been

conventionally with a continuous feedback controller based on propor-

tional and derivative feedback (PD control) model (Peterka 2000; Masani

et al. 2003; Maurer and Peterka 2005). The model segment(s) are ac-

tuated by passive and active joint torque(s). Passive torque is generated

by stiffness or damping properties of muscle tonus and surrounding tis-

sues such as ligaments and tendons without time lag. Active feedback

torque is produced via neural closed-loop associated with a feedback of

the state point about 200 ms ago, which represents the modulation of

muscle contractions based on the body kinematics and dynamics of spon-

taneous body oscillations (Morasso and Schieppati 1999; Winter 1990;

Winter et al. 1996). This time lag for the active control includes sensory

transduction, neural processing, transmission, and muscle activation de-

lays as reported in Peterka (2000). However, the biggest problem of this

time-continuous feedback control is such large feedback time delay in the

sensorimotor loop, which is a source of instability. Possible candidate for

avoiding this time-delayed instability could be the non-reactive, prepro-

grammed impedance control, because this does not require reacting to

the falling motions of the pendulum. However, muscle co-contractions

increase metabolic cost as a trade-off.
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On the contrary, many studies have recently advocated the compu-

tational theory of the intermittent feedback control as a model of human

quiet standing (Bottaro et al. 2005; 2008; Asai et al. 2009; Gawthrop et

al. 2011; 2014; Suzuki et al. 2012) and there are a number of versions of

the intermittent control have been proposed. The first version exploits

the fact that the state point of the pendulum transiently approaches the

equilibrium along stable manifolds of the unstable saddle-type system,

which I used in my model (Study 4). The transient conversion along the

stable manifold without active control by muscle activations is responsi-

ble for the stabilization of the pendulum. The second version assumes

anticipatory ballistic bias control (Loram and Lakie 2002b; Lakie et al.

2003; Loram et al. 2005; Loram et al. 2011) with a mathematical model

of predictor for compensating a feedback delay (Gawthrop et al. 2011).

This model considers the intermittency as the computational time for the

anticipation (Loram et al. 2012; van de Kamp et al. 2013). The third

one includes open-loop periods in the model which represents a sensory

dead-zone (Collins and De Luca 1993; Eurich and Milton 1996; Milton

et al. 2009; Insperger et al. 2013). The forth version is called ”act-and-

wait control”, in which a delay-induced unstable system is stabilized by

setting finite number of poles at appropriate locations (Insperger 2006;

Stpn and Insperger 2006; Insperger and Stpn 2010). The fifth one is the

noise-induced stabilization in which the system tuned in the vicinity of

the edge of stability by using noise (Cabrera and Milton 2002; Bormann

et al. 2004). Only the first version considers intermittent controller for

the stability purpose.
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Postural control: control input/output and internal

model

Human bipedal standing is controlled by using integrated sensory

cues from the visual, vestibular, and somatosensory systems, each con-

tribution of which changes (rewaighting) depending on postural tasks

(Peterka 2002). Such postural control feedback loop is suffered from

time-delayed instability due to transmission from somatosensory system

to brain of about 35 40 ms (Applegate et al. 1988), the neural trans-

mission from the brain to muscles of about 27 37 ms (Ackermann et

al. 1991; Lavoie et al. 1995), electromechanical delay (Muro and Na-

gata 1985; Moritani et al. 1987; Moss 1991; Mora et al. 2003), and

psychological refractory period (Telford 1931; Vince 1948; Navas and

Stark 1968). Together with this time delay of the feedback loop, the pas-

sive stiffness caused by joint viscoelasticity of the muscle-tendon-ligament

is insufficient to compete with the gravitational toppling torque during

quiet standing (Loram and Lakie 2002a; Casadio et al. 2005). There-

fore, human upright posture is an unstable equilibrium of saddle type in

multi-dimensional state space, in which the state point converges to the

equilibrium along stable manifolds and diverges away from the equilib-

rium along unstable manifolds as time elapses.

Regarding the control mechanism of such unstable postural system,

impedance control, which resists destabilizing motion by regulating co-

activation levels of antagonist muscles, has been proposed in the field of

neuroscience (Hogan 1984; 1985). The CNS stabilizes unstable dynamics

17



General Introduction

by learning optimal impedance, in which antagonist muscles co-activate

in a preprogrammed manner (Burded et al. 2001; Franklin et al. 2007).

Such a feed-forward, non-reactive control decreases a risk of delay-induced

instability and enhances the robustness to external perturbations, how-

ever, this strategy has a trade-off that increasing impedance causes high

metabolic cost consumed by muscle co-activations. This is very critical

for maintaining postural stability as a fundamental activity of human

being (Weyand et al. 2009).

Internal models associated with motor command-output relationship

may be capable of optimizing such a trade-off during automatic move-

ments such as quiet standing (Gomi and Kawato 1993; Morasso et al.

1999). Generally, human motor control systems must include continuous

and intermittent processes incorporating discrete switching. Continuous

systems integrate visual, vestibular, and somatosensory information, and

this is represented by the spinal and transcortical reflexive pathways and

provide high-bandwidth feedback at short latency (Brookes 1986; Roth-

well 1994; Pruszynski and Scott 2012). Intermittent systems exist within

the basal ganglia, prefrontal cortex, and premotor cortex and provide

low-bandwidth feedback at longer frequency (Redgrave et al. 1999; Cisek

and Kalaska 2005; Dux et al. 2006). In the context of human bipedal

standing, continuous system, involving muscle spindle and Golgi tendon

organ feedback, provide tonic equilibrium joint moments via tonic stretch

reflexes (Sherrington 1947) and partial dynamic stabilization in the un-

stable state space (Marsden et al. 1981; Fitzpatrick et al. 1996; Loram et

al. 2002a,b). However, the continuous control strategy itself is insufficient
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to regulate the dynamics of the postural system (Marsden et al. 1981),

and intermittency of the postural control mechanism plays an important

role to the stabilization dynamics in the vicinity of the equilibrium.

19



STUDY1

STUDY1
Inter- and intra- lower limb joint

coordination of non-expert classical ballet

dancers during tiptoe standing

Abstract

The main objective of this study was to compare ballet dancers’ and

non-dancers’ joint coordination during tiptoe standing. Nine female non-

expert ballet dancers and nine female non-dancers were asked to perform

heel-toe and tiptoe standing for approximately 30 s, during which the

center of pressure (COP) and kinematic data from the metatarsopha-

langeal, ankle, knee, and hip joints were measured. Principal component

analysis was performed on the angular displacements to determine joint

coordination. The weighting vectors suggested that dancers’ ankle and

knee joints fluctuated in-phase in the anteroposterior direction, whereas

all combinations of adjacent joints had anti-phase coordination for non-

dancers. In addition, there was a significant difference in the intra-joint

coordination pattern between groups. In particular, dancers’ metatar-

sophalangeal (MP) and ankle joints tended to sway to the left-front or

right-rear. However, there were no differences between the groups in the

path length or rectangular COP. These results suggest that dancers main-

tained quiet postures via a decrease in the mechanical degree of freedom

and that postural expertise may not be determined from a traditional

COP analysis, even during unstable tiptoe standing. This in-phase coor-

20



STUDY1

dination, which has an arch-like configuration, could be characteristic of

dancers’ lithe legs.

Introduction

One of the fundamental aesthetic elements of a dancer is his or her

slim, lithe, and strong legs. Although most of the aesthetical compo-

nents of ballet may exist during dancing and largely depend on upper

body posture, it is possible that even when standing, dancers have dif-

ferent postural control compared to non-dancers, which may be partially

because of leg joint movements. By investigating dancers’ leg joint co-

ordination during standing, we can observe leg joint fluctuations at the

micro-level for an aesthetical discussion, namely, we will be able to obtain

insight into whether subtle fluctuations of this joint coordination could

lead observers to describe a dancer’s posture as beautiful.

Tiptoe standing (relev or demi-pointe) is one of the fundamental pos-

tures in ballet dancing and is referred to as three-quarter pointe, during

which the ankle is located directly above the metatarsophalangeal (MP)

joint. In ballet training, controlling the dancer’s position in relev has

obvious benefits for learning all pirouettes (turns) and making a dancer’s

legs appear slimmer (Warren 1989). Therefore, ballet students in begin-

ner courses dedicate themselves to acquiring accurate standing while in

relev. Because ballet dancers exhibit better postural control as a result

of their ballet training (Rein et al. 2011), many studies have focused

on ballet dancers’ balance expertise (Blsing et al. 2012). Dancers have

a lower power of body oscillations (Golomer et al. 1997) and are less
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dependent on vision for postural control with increased accuracy of their

proprioceptive inputs (Golomer et al. 1999). However, these results have

only been reported during ordinary heel-toe standing. Despite the im-

portance of relev for classical ballet, no current studies have focused on

ballet dancers’ joint coordination in this position. Because of its difficulty

compared to heel-toe standing, researching relev could be an appropriate

task to determine postural control differences between dancers and non-

dancers. We have previously observed that non-dancers performed tiptoe

standing with a different neurophysiological mechanism compared to heel-

toe standing (Tanabe et al. 2012). Understanding how dancers stand on

tiptoe will provide more insight into ballet dancers’ skills. Therefore, in

this study, we investigated postural expertise during tiptoe standing in

ballet dancers and compared it with that of non-dancers.

Many studies have investigated dancers’ postural control during static

posture by using a center of pressure (COP) analysis; however, these re-

sults are not always consistent in linear (Gerbino et al. 2007; Kilby and

Newell 2012; Stins et al. 2009) and non-linear (Kilby and Newell 2012;

Stins et al. 2009) analyses. The joint movements involved in maintaining

a standing position result in a fluctuation of the COP. Thus, if we sup-

pose that postural maintenance strategies of dancers and non-dancers are

different, it is difficult or impossible for a COP analysis to discriminate

postural control between dancers and non-dancers. However, investigat-

ing a joint’s oscillations and its relationships to other joints (inter-joint

coordination) could elucidate the postural control process from a mechan-

ical perspective. This knowledge could also lead the argument of postural
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control to the discussion regarding the visible portion because it is easier

to perceive joint fluctuations compared to a COP movement, so this could

lead to research with tangible benefits for ballet pedagogy with regard to

balance control. Therefore, in this study, we measured joint movements

in the MP, ankle, knee, and hip joints during both heel-toe and tiptoe

standing.

In the present study, both inter- and intra-joint coordination were in-

vestigated using principal component analysis (PCA) during heel-toe and

tiptoe standing. PCA is useful to detect invariant coordinative structure

of the system (Daffertshofer et al. 2004) and has been applied to studies

of posture (Aramaki et al. 2001; Kuo et al. 1998; Pinter et al. 2008), gait

(Delzio et al. 1997; Hubley-Kozey et al. 2006; Ivanenko et al. 2005; Troje

2002), and rhythmic movements (Toiviainen et al. 2010) because of its

potential for data reduction and explanation (Jolliffe 1986). The central

objective of PCA is to reduce the dimensionality of a data set while re-

taining the variation and to summarize the most important information

in the data set (Jolliffe 1986). This summation of the information in the

data set can be described in the following manner:

Z =
∑

WiCi + residural

where Wi is weighting coefficient and Ci is the matrix of the original data

set. By comparing the weighting coefficients for each time series of kine-

matic data, we can determine the contribution of each kinematic data and

the relationship between them within the entire data set. This approach

is reasonable because we were interested in inter-joint coordination among

23



STUDY1

lower joint fluctuations. Thus, we hypothesized that dancers’ inter-joint

coordination as a process to maintain posture is different from that of

non-dancers and that the differences resulting from postural expertise

might not appear in traditional outcomes of postural control (namely,

a COP fluctuation or body sway) but rather in the process of postural

control (i.e., joint fluctuations).

Moreover, coordination between anteroposterior and mediolateral

fluctuations (namely, intra-joint coordination) can be investigated by fo-

cusing on the weighting vectors for the time series of both directions of

each joint. This intra-joint coordination during unstable tiptoe standing

might also provide insight into ballet-specific joint control during an ordi-

nary upright posture. Anteropoeterior and mediolateral coordination in

COP dynamics has been examined during normal heel-toe standing (King

et al. 2012); however, whether each joint’s oscillations in either direction

exhibit coupling during unstable tiptoe standing requires investigation.

The first objective of this study was to determine the inter- and

intra-joint coordination acquired by ballet training by initially executing

PCA on kinematic data during both tiptoe and heel-toe standing and

then comparing the results with those from non-dancers. The second

objective was to demonstrate that it could be difficult to extract the

postural expertise of dancers by some of traditional COP analysis even

during unstable postural tasks.
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Materials and methods

All procedures used in this study were consistent with the Declara-

tion of Helsinki and approved by the Ethics Committee of the Graduate

School of Human and Environmental Studies at Kyoto University. Ap-

proval was based on an appropriate risk/benefit ratio and a study design

with minimal risk. All procedures were conducted in accordance with

the approved protocol. Written informed consent was obtained from the

participants following a written and verbal description of the study to en-

sure the participants’ understanding of the procedure. Informed consent

continued throughout the study via dialogue between the researcher and

participants.

Participants

Nine female non-professional classical ballet dancers (age = 22.78 ±

4.68 yr, height = 160.28 ± 4.49 cm, body mass = 51.83 ± 7.65 kg) and

nine healthy female participants with no formal dance experience (age

= 21.78 ± 2.33 yr, height = 157.72 ± 5.96 cm, body mass = 48.32 ±

6.38 kg) participated in this study. We recruited dancers with sufficient

ballet training to perform tiptoe standing; the average number of years

of classical ballet training for the 9 trained participants was 11.56 ± 4.80

yr. Three of the non-dancers participated in sports training or exercising,

such as jogging, basketball, and canoeing, whereas the other six did not

exercise regularly. None of the participants had a significant medical

history or signs of gait, postural, or neurological disorders, and none had

vision problems.
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Experimental protocol and measurement

The basic setup and postural sway measurements during bipedal

standing have been described in our previous studies (Kouzaki and Masani

2012; Kouzaki and Shinohara 2010). Each participant was instructed to

stand quietly on a force platform (EFP-A-1.5kNSA13B, Kyowa, Tokyo,

Japan) with her eyes open. The participants looked at a fixed point on

a plain wall in front of them. The participants stood barefoot with their

arms resting comfortably at their sides and their feet together and par-

allel. The participants’ head-neck-trunk movements were restricted by a

stiff wooden splint strapped to their back (Fig 1a). This splint restricted

entire body motions to the metatarsopharangeal (MP), ankle, knee, and

hip joints. We excluded the balancing movement of the head and spine

with the splint according to a previous study (Aramaki et al. 2001), which

measured the angular displacements of ankle and hip joints using splints

attached for fixing participants’ upper bodies and knees. The participants

performed the following two types of standing for 30 s: (1) standing qui-

etly with their heels on the platform, which is henceforth referred to as

heel-toe standing, and (2) tiptoe standing. Ten trials were conducted for

each condition, and a rest period of at least 3 min was allowed between

the trials. All participants were asked to initially perform ten heel-toe

standing trials, followed by ten tiptoe standing trials. A 30-s period was

selected because it provided an appropriate timeframe in terms of prac-

tical, experimental, and analytical length; the period needed to be short

enough to allow participants to complete the task and be similar to the
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actual length of tiptoe standing during ballet training or dancing, and the

period also needed to be long enough to make frequency analysis feasible.
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Figure 1: Experimental set up and parameters for the analysis. (a) Experi-
mental setup. Each joint’s displacement was measured by eight laser sensors.
(b) Parameters for the data analysis. The left and right figures show the pa-
rameters for the calculation of angular displacement and joint angles in the
sagittal and frontal planes, respectively.

Kinematic data from the MP, ankle, knee, and hip joints in the sagit-

tal and frontal planes were obtained with eight laser sensors (four sensors
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for the sagittal plane: a resolution of 10 m, LK-500, Keyence, Japan; and

four additional sensors for the frontal plane: a resolution of 4 m, IL-S100,

Keyence, Japan). All signals were stored with a sampling frequency of

100 Hz on the hard disk of a personal computer using a 16-bit analog-to-

digital converter (PowerLab/16SP, ADInstruments, Sydney, Australia).

Data processing was performed using Matlab 6.5 (The MathWorks, Nat-

ick, MA).

Data analysis

By using the 30-s signals from the force platform, we calculated the

center of pressure (COP). A COP time series was passed through a 15

Hz-Butterworth low-pass filter (Kouzaki et al. 2007; Kouzaki and Masani

2012). We then calculated the COP path length in a two-dimensional

plane and rectangular area (Tanabe et al. 2012).

A time series of the kinematic data was passed through a 10-Hz

Butterworth low-pass filter. Changes in the position of the MP, ankle,

knee, and hip, as measured with the laser sensors, were then converted to

angular displacements in the anteroposterior and mediolateral directions

as follows (all θ s are shown in Fig 1b-right):

tanθ =
L− d+

W

cosθ
H − h

where θ is an angle between a line connecting the two joints and the

vertical direction, L is the horizontal distance between lasers for each

joint in the sagittal and frontal planes and a reflective plate of the laser
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attached to the skin, d is the horizontal distance between the laser and

MP joint, W is the distance between the line connecting two joints and the

reflective plate, H is the height of the laser from the force platform, and h

is the height of the MP joint from the force platform. Each parameter is

shown in Figure 1b-left. The relative angle positions were then calculated

for each joint. We measured the length of W from the middle of the

reflective plate before its attachment and then lased to the middle of the

plate during the tasks. Thus, the potential error between the reflection

point of the laser and the point for the measurement of W was negligible.

The coordination of oscillations in the MP, ankle, and hip joints was

computed in both the anteroposterior and mediolateral directions using

principal component analysis (PCA) (Hubley-Kozey et al. 2006; Jolliffe

1986; Kuo et al. 1998; Pinter et al. 2008). In this analysis, the original

data set is transformed to a new set of variables (Zk (k = 1,2,…,n); n is

the number of variables in the data set) that are uncorrelated:

Zk =
∑
k

∑
i

WkiCi(t)

where Zk is defined as the kth principal component (PC) as a linear

combination of the ith variable in the data set Ci(t) and the weighting

coefficients Wki. The initial few PCs retain most of the variation present

in the original variables. In this study, seven variables were used in PCA

for tiptoe standing, while five variables were used for heel-toe standing;

the time series of angular movements from the MP to the hip joints for

tiptoe standing and from the ankle to the hip joints for heel-toe stand-

ing were used for PCA. We excluded mediolateral kinematic data of the
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knee because it is anatomically impossible for the knee to move in this

direction. All of the variables were initially standardized with a mean of

zero and a variance of one.

These variables formed a matrix A:

A(m,n) = [X1, X2, ..., Xn]

where Xi is the normalized time series for each joint, m is the length of

variables, and n is the number of variables included in the analysis (i.e., n

= 5 and 7 for heel-toe and tiptoe standing, respectively). The covariance

matrix C was calculated in the following manner:

C(n, n) =
1

m− 1
· ATA

A matrix of orthogonal eigenvectors T(n,n) and a diagonal matrix of

eigenvalues were then calculated using an eigenvector decomposition of

matrix C:

C = TΛT−1

The first principal component (PC) explains the largest possible frac-

tion of the total variance in all joints’angular movements. Similarly, the

descending PCs represent the remaining possible fraction of all variables.

According to the definition of PCA, the number of PCs is identical to

the number of variables, and all PCs are orthogonal. The proportion of

the diagonal elements of Λ[λ1, λ2,…, λn(λ1 > lambda2 >… > λn)] is de-

fined as the ratio in which PCi(i = 1, 2,…, n) describes the fluctuations

of all of the variables. The ratio of λi (%Variance(i)) is calculated in the

following manner:
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%V ariance(i) =
λi

n∑
k=1

λk

If the %Variance calculated using a shuffled data set (i.e., an unre-

lated kinematic data set) is smaller than that of non-shuffled data set, the

%Variance of the kth principal component (PCk) can be interpreted as

how much PCk contains information from the entire variable matrix and

the configuration of the cumulative %Variance reflects the dimensional-

ity or complexity of the information from all variables. The greater the

%Variance or the faster the cumulative %Variance saturates, the smaller

the dimensionality of the leg joint fluctuation information. The 1st to

kth PCs (the possible number of k is from 2 to n; n is the number of

variables), whose cumulative %Variance was above 0.8, were used to in-

vestigate joint coordination (the value of 0.8 was arbitrary because the

cumulative %Variance tended to saturate at the PC, which initially ex-

ceeded 0.8). When a greater number of PCs was required for a cumula-

tive %Variance of ¿ 0.8 (namely, the larger number of k), the overall joint

movement was more complex.

Each weighting coefficient in the kth PC (Wki; k, i = {1, 2,…, n}) is

calculated between -1 and 1 and represents the correlation between each

variable (in this study, kinematic time series) and the PC. Therefore,

the distribution of the weighting coefficients across kinematic variables

reflects two types of joint coordination: inter and intra-joint. Inter-joint

coordination was determined by comparing two weight values of adjacent

joints in the anteroposterior or mediolateral directions and was classified
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into three coordination patterns: anti-phase

W1,1 ·W1,2 < 0 and |W1,1| ≫ 0 and |W1,2| ≫ 0

in-phase

W1,1 ·W1,2 > 0 and |W1,1| ≫ 0 and |W1,2| ≫ 0

and middle (i.e., other patterns except for anti- or in-phase). On the

other hand, intra-joint coordination was determined by comparing two

weight values for the identical joint in the anteroposterior and mediolat-

eral directions.

We analyzed the squared coherence spectrum (Tanabe et al. 2012)

and calculated the phase between the angular displacements to exam-

ine the relationship between the angular displacements of two joints in

the frequency domain. The time series of joint angular displacements

without low-pass filtering was used to analyze the coherence spectrum.

Data signals were segmented into epochs of 128 ms with no overlap. The

data segments that corresponded to each 128-ms epoch were Hanning-

windowed to reduce spectral leakage. We used a 95% confidence level

(CL) of the coherence (Ushiyama et al. 2010).

CL(α) = 1− (1−
α

100
)

1
n−1

Statistical analysis

The data are presented as the means ± SD in the text, tables and

figures. The statistical significance of the path length, rectangular area of

the COP, and SD of each joint’s fluctuation were analyzed using a t-test.
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Effect size was estimated using Cohen’s d. A Chi-squared test was used to

describe group differences in the number of trials that required a PC3 and

the joint coordination patterns. Effect size was estimated using Cramr’s

V for the Chi-squared test (Cramr 1999). For all statistical calculations,

p¡.05 was accepted as significant. All statistical analyses were conducted

using Matlab 6.5 (The MathWorks, Natick, MA).

Results

Path length and the rectangular area of COP

The path length in a two-dimensional plane and the rectangular area

of the COP are shown in Table 1. There was no significant difference in

the path length of the COP between groups for either heel-toe (p = 0.98,

t(16) = -0.028, and d = -0.013) or tiptoe standing (p = 0.90, t(16) =

0.11, and d = 0.051). In addition, there was no significant difference in

the rectangular area of the COP between groups for either heel-toe (p =

0.18, t(16) = 1.2, and d = 0.57) or tiptoe standing (p = 0.15, t(16) =

-1.2, and d = -0.56).

Path length Recutangular area

untrained trained p untrained trained p

HS 29.27±5.37 29.17±9.29 0.98 2.59±1.05 3.98±3.28 0.18

TS 66.54±9.70 67.35±19.94 0.9 5.05±1.44 4.29±1.31 0.15

Table 1: Mean value of path length and rectangular area of COP during heel-
toe and tiptoe standing. HS and TS represent heel-toe standing and tiptoe
standing, respectively.
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The validity of the interpretation of %Variance

To determine that the calculated %Variance represented the amount

of information that each PC shared and that the saturation of cumulative

%Variance denoted the dimensionality or complexity of joint fluctuations,

we conducted PCA for a data set of unrelated kinematic signals (shuf-

fled data), which included variables from the identical participant and

different trials of standing conditions. Figure 2 represents one example

of cumulative %Variance of PC1 using a shuffled (dashed line) and non-

shuffled data set (solid line) during heel-toe standing. The plot of the

shuffled data set was always below the plot of the non-shuffled data set

for both heel-toe and tiptoe standing.
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1           2          3          4          5  [PC]
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Figure 2: An example of the cumulative %Variance during heel-toe standing
(i.e., five variables were used for PCA). The solid and dashed lines are the plots
of non-shuffled (original) and shuffled data set, respectively. The shuffled data
set consisted of five kinematic variables from the identical participant, but in
different trials.
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Inter- and intra- joint coordination during tiptoe standing

To examine the complexity of overall joint sway during tiptoe stand-

ing, we implemented principal component analysis (PCA) and computed

the %Variance for each trial. Regardless of ballet training, the cumulative

%Variance exceeded 0.8 from PC1 to PC2 or PC3 among seven variables.

In addition, there was no significant difference in the number of trials

whose cumulative %Variance required a PC3 to saturate at 0.8 between

groups (χ2(1) = 1.31, p > 0.05, V = .086).

We also calculated the weights for each joint and PC and examined

the relationship between each joint’s weights to investigate the joint co-

ordination of the leg during tiptoe standing. The definition of inter-joint

coordination patterns (i.e., anti-phase, in-phase, and middle) is shown in

Figure 3a. Figure 3b depicts the weighting coefficients of PC1 during tip-

toe standing for all participants and trials. The most apparent difference

between the groups was that ankle and knee sways were in-phase for the

dancers (i.e., more horizontally plotted lines between the ankle and knee

in the anteroposterior direction) but every adjacent joint swayed anti-

phase for non-dancers. In addition, regarding the anteroposterior coordi-

nation between the ankle and knee, the dancers had more trials that we

could not classify as either in- or anti- phase (namely, middle pattern)

compared with non-dancers. The numbers of trials in which the ankle-

knee patterns were anti-phase, middle, and in-phase were 35, 32, and 23,

respectively for dancers, and 76, 6, and 8, respectively, for non-dancers.

There were significant differences in the numbers of trials between these
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three patterns (χ2(2) = 40.19, p < 0.01, V = .47). However, the residual

joint coordination (from PC2 and PC3) showed no notable differences be-

tween the groups (figure not shown) relative to the relationships between

joints (anti-phase, in-phase, or middle).
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Figure 3: (a) The definition of joint coordination patterns (anti-phase, in-
phase, and middle) and (b) the plots of the weighting vectors during tiptoe
standing of non-dancers (left) and dancers (right). All of the weighting vector
plots for all trials are stacked for each group. Thus, a bolder line consists
of overlapping single plots of similar weighting vector patterns. The initial
four weight values are anteroposterior joint fluctuations, and the remaining
three values are mediolateral joint fluctuations. The positive values represent
the fluctuations towards the front and the right in the anteroposterior and
mediolateral directions, respectively.

Furthermore, we computed the coherence spectrum and its phase

between angular displacements of ankle and knee in the anteroposterior

direction to prove the interpretation of the results of PCA (anti- or in-

phase) and examine its frequency characteristics. Figure 4 shows the

36



STUDY1

phase in the frequency domain when the coherence spectrum between

the ankle and knee joint displacements was significant. The value of

the coherence spectrum was high (approximately 0.5 to 0.8) when it ex-

ceeded the significance level (figure not shown). All trial phases were

plotted when their PCA results were anti-phase (left figure: 76 trials from

non-dacers; middle figure: 35 trials from dancers) and in-phase (right fig-

ure: 23 trials from dancers). There were many phases at zero when the

joints swayed in-phase (Fig 4-right), which were along a relatively high

frequency domain (10 20 Hz). Moreover, the dancers’ inter-joint coher-

ence, in which the joints swayed both anti- and in-phase (Fig 4 middle

and right), was significant until the higher frequency domain ( 20 Hz),

whereas the coherence of the non-dancers was significant only in the lower

frequency domain (less than 10 Hz).
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Figure 4: The anteroposterior phase between the ankle and knee. The left,
middle, and right figures illustrate the phase in the frequency domain of all
trials, in which PCA results were anti-phase in the untrained group (left, 76
trials), anti-phase for dancers (middle, 35 trials), and in-phase for dancers
(right, 23 trials).

In addition, intra-joint coordination (i.e., the coordination of the

identical joint in the sagittal and frontal planes) was investigated by

37



STUDY1

comparing the weights of the identical joint in the anteroposterior and

mediolateral planes (Fig 3b). The intra-joint coupling pattern between

the sagittal and frontal sways of each joint is shown in Table 2. There

was a significant difference between groups in regard to the numbers of

coupling patterns for all three joints (MP : χ2(2) = 37.67, p < 0.05, V =

.46; ankle : χ2(2) = 32.27, p < 0.05, V = .42; andknee : χ2(2) = 10.93, p <

0.05, V = .25). In particular, dancers had a significantly greater number

of trials of anti-phase intra-joint coupling between the MP and ankle com-

pared with non-dancers. The anteroposterior and mediolateral sways of

the MP and ankle in the dancers tended to fluctuate with the anti-phase

(toward the left-front or right-rear).

anti-phase middle in-phase χ2 p

MP
untrained 38 19 33

37.7 < 10−3

dancers 54 12 24

Ankle
untrained 35 24 31

32.3 < 10−3

dancers 53 11 26

Hip
untrained 28 41 21

10.9 0.004
dancers 25 39 26

Table 2: The numbers of trials for each coupling pattern during tiptoe stand-
ing. Top, middle, and bottom tables show the numbers for the MP, ankle, and
hip joints, respectively. The value of the chi-squared tests and the p values
are shown on the right side. The value for the degree of freedom was 2 for all
joints.

Inter- and intra- joint coordination during heel-toe standing

We also performed PCA for joint coordination during heel-toe stand-

ing. For all participants and trials, the cumulative %Variances from PC1
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to PC2 or PC3 exceeded 0.8 regardless of ballet experience (five vari-

ables were used). Similar to the case of tiptoe standing, there were no

significant differences in the number of trials in which the cumulative

%Variance required a PC3 to exceed 0.8 between the groups (χ2(1) =

1.05, p > 0.05, V = .077).

The plot of the weights of each joint’s anteroposterior and mediolat-

eral displacement for PC1 is depicted in Figure 5. In contrast to tiptoe

standing, there was no notable difference in inter-joint coordination (anti-

phase, in-phase, or the middle) between groups. Additionally, there was

no significant difference between groups in the intra-joint coupling of an-

teroposterior and mediolateral sways; namely, the number of trials for

each intra-joint coordination in the dancers was similar to that of the

non-dancers (ankle;χ2(2) = 1.28, p > 0.05, V = .085; andhip;χ2(1) =

5.38, p > 0.05, V = .17). However, there were more coupling trials in

which anteroposterior and mediolateral fluctuations swayed with anti- or

in-phase coordination than with middle pattern trials, regardless of bal-

let training, for both the ankle (dancers: 72/90 trials; and untrained:

67/90 trials) and hip (dancers: 68/90 trials; and untrained: 76/90 tri-

als). The residual joint coordination (from PC2 and PC3) also showed

no noteworthy difference between groups (figure not shown) in regard to

the relationships between joints (anti-phase, in-phase, or the middle).
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Figure 5: The weighting vector plots during heel-toe standing of non-dancers
(left) and dancers (right). All of the weighting vector plots for all trials are
stacked for each group. Thus, a bolder line consists of overlapping single plots
of similar weighting vector patterns. The initial three weight values are antero-
posterior joint fluctuations, and the remaining two values are mediolateral joint
fluctuations. The positive values represent the fluctuations toward the front
and the right for the anteroposterior and mediolateral directions, respectively.

Fluctuations of joints’ angular displacements

The SDs of the angular displacements of the MP, ankle, knee, and

hip joints during both standing conditions are shown in Table 3. The

anteroposterior fluctuations of the knee and hip joints in the dancers

were significantly smaller than those of the non-dancers during tiptoe

standing (p = 0.025 and 0.027, t(16) = -3.1 and -2.8, and d = -1.5 and

-1.3, respectively). In addition, the mediolateral SD of the ankle in the

dancers was significantly greater than that in the non-dancers during heel-

toe standing (p = 0.020, t(16) = 2.1, and d = 0.99). No other significant

differences were observed for other joints.
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(a)
Anteroposterior Mediolateral

untrained trained p untrained trained p

MP 32.0±8.7 27.9±11.3 0.11 19.9±9.4 21.5±8.4 0.64

Ankle 39.6±10.6 31.9±13.0 0.17 11.5±4.5 11.7±5.8 0.90

Knee 25.5±12.7 11.7±3.9 0.025 - - -

Hip 29.1±20.7 9.3±3.4 0.027 6.1±1.1 7.1±3.4 0.23

(b)
Anteroposterior Mediolateral

untrained trained p untrained trained p

Ankle 3.5±0.79 5.4±3.7 0.15 4.7±1.2 6.5±2.3 0.02

Knee 4.0±2.4 6.7±4.7 0.13 - - -

Hip 3.2±1.6 3.6±1.5 0.47 12.5±7.4 13.7±9.5 0.75

Table 3: Mean values of SD for angular displacements of the MP, ankle, knee,
and hip joints. (a) and (b) indicate tiptoe and heel-toe standing, respectively.

Discussion

Inter-joint coordination

During tiptoe standing, dancers had a significantly larger number

of trials in which their ankles and knees swayed in-phase in the antero-

posterior direction. However, in most of the trials of the non-dancers,

these joints swayed in anti-phase (Fig 3b). In addition, the SD of the

knee joint fluctuations in the anteroposterior direction in the dancers

was significantly smaller than that in the non-dancers (Table 3). This

smaller SD could be because of ballet training, in which one of the fun-

damental instructions is to maintain locked knees (namely, the anterior

cruciate stops the movement of the outer femoral condyle and holds the

quadriceps, which is pulled onto the kneecap), which is known as clo-

sure rotation (Grieg 1994). Although we cannot definitively conclude

that this result is the effect of ballet training specifically, the possibility
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that this result can be attributed to general training is low because the

three non-dancers with such experience displayed similar results to the

other non-dancers. However, these results suggested that dancers have

relatively small degrees of freedom in their joints when standing on tip-

toe, although it remains unclear whether locking the knees, which forces

the agonist and antagonist muscles around the knee to sway in a phasic

way, stabilizes posture or dancers are forced to perform in-phase joint

coordination. However, this result raises the question of whether or not

in-phase joint coordination stabilizes the posture.

What makes the ankle and knee fluctuate in-phase during tiptoe

standing? Figure 4 indicates that the joint movements of dancers are

synchronized up to higher frequency domain and that the results of the

PCA in dancers are a reflection of the phase in a higher frequency do-

main (10-20 Hz). One possible explanation for this coherence is control

from the motor cortex. Oscillations derived from the motor cortex are

coherent with EMG signals, and this corticomuscular coherency appears

in the 15-35 Hz frequency range (beta-band) (Ushiyama 2013). Addition-

ally, significant coherency between EMG and MMG (Mechanomyogram)

signals has been demonstrated previously (Kouzaki and Fukunaga 2008).

Therefore, because the coherence between the angular displacements of

the ankle and knee observed in this study emerged in this beta-band,

the motor cortex is possibly involved in the generation of the observed

ankle-knee coupling. Moreover, Boonstra et al. (2008) have proposed

that the 13-18 Hz synchronization of EMGs in the femur could be be-

cause of a physiological subsystem involved in balance-related postural
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responses and that this synchronization does not relate to fatigue. They

hypothesized that relatively distant muscles which work at different joints

fluctuate in a synchronized manner as well as muscles work at the one

joint followed by the coupling of angular displacements at a higher fre-

quency. Additionally, this coupling could be independent of muscle fa-

tigue. The 13-18 Hz synchronization may be different from the coherence

in the beta-band; however, we could not distinguish between the beta-

band and the 13-18 Hz frequency band. The motor cortex, which has a

large role in muscle activation, could be networked with other areas of

the brain, such as the premotor and supplementary motor areas, in chal-

lenging postural conditions (Byblow et al. 2007). Dancers might be able

to tap into considerable flexibility in their neural system, thus leading to

a higher frequency of in-phase fluctuation between the ankle and knee,

followed by the muscle activations around these joints, via this neural

network. Moreover, it is possible that heightened input from the basal

ganglia and cerebellum also contribute to these higher frequency oscil-

lations. To understand dancers’ postural control in more detail, further

analysis is necessary to clarify the precise neurophysiological properties

of muscle activity, joint movements, and the activation in the areas of the

brain associated with motor control.

In contrast to tiptoe standing, there were no obvious differences in

inter-joint coordination between the groups during heel-toe standing. Re-

gardless of ballet training, the adjacent joints tended to sway anti-phase

with one another in the anteroposterior direction, and the ankles and hips

fluctuated anti-phase in the mediolateral direction. Anteroposterior re-
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ciprocal angular acceleration of the ankle and hip joints has been demon-

strated during ordinary heel-toe standing with the knees fixed by splints

(Aramaki et al. 2001). Considering this result, mechanically adjacent

joints might fluctuate anti-phase during more stable heel-toe standing.

The only difference between the groups during heel-toe standing was ob-

served in the amplitude of the ankle joint’s mediolateral sway. This larger

ankle fluctuation in the dancers was only observed during heel-toe stand-

ing, thus emphasizing the dancers’ expertise at locking the anatomically

flexible ankle joint during tiptoe standing to achieve a stable posture.

In this study, the anteroposterior inter-joint coordination patterns of

dancers during tiptoe standing tended to be more variable, particularly

between the ankle and knee and between the knee and hip. This result

suggested that dancers appear to have more flexible strategies for joint co-

ordination. However, the coordination between the MP and ankle joints

in the mediolateral direction for dancers was predominantly prone to anti-

phase fluctuation, whereas the coordination of non-dancers appeared to

be more variable. The following question arose: Does this diversity in the

coordination pattern represent the ability to address unstable posture or

unpredictability of joint fluctuations in difficult postural conditions? Al-

though the dancers who participated in this study were mature enough

to performing tiptoe standing, the flexibility in applying different tactics

for coordination might be different at the professional level. Future ex-

periments using professional dancers will be able to address this question.
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Intra-joint coordination

By comparing the values of the weights between the identical joints

in the anteroposterior and mediolateral directions, we were also able to in-

vestigate the coupling of intra-joint coordination. During heel-toe stand-

ing, there was a coupling of intra-joint fluctuations. This result was

consistent with the results of a previous study (King et al. 2012), which

showed the coupling of the COP sways in the anteroposterior and medio-

lateral directions during various types of quiet standing. Anteroposterior

and mediolateral postural controls have been treated as relatively in-

dependent strategies (Winter et al. 1996). Our results indicated that

although the anatomical mechanisms for the COP fluctuations in each

direction might be independent, the neuromuscular intra-joint control of

fluctuation in both directions might be coupled.

For tiptoe standing, we also observed that there was intra-joint syn-

chronization between anteroposterior and mediolateral fluctuations. In

particular, dancers’ MP and ankle joints of their right leg had a more

anteroposterior and mediolateral anti-phase pattern between their sways,

thus indicating that dancers’ right MPs and ankles have a tendency to

move left-front or right-rear. In this study, all participants were instructed

to keep their toes facing forward. Dancers have learned to tiptoe-stand

with their weight distributed along three points of the foot: the thumb,

thenar, and digital pad of the middle toe (Warren 1989), namely, the side

of the big toe. Therefore, dancers’ right MPs and ankles are considered to

actively move in the left-front or right-rear direction. Although we only
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investigated joint coordination of the right leg in this study, the left leg

might be prone to an identical coordination pattern (i.e., right-front/left-

rear pattern of the MP and ankle).

This is the first study to demonstrate anteroposterior and medio-

lateral intra-joint sway coupling during tiptoe standing for dancers and

non-dancers. Dancers showed a robust tendency toward anti-phase intra-

joint coordination of the MP and ankle joints, whereas non-dancers did

not have a fixed pattern. If the body sways more and more variably, then

a compensatory strategy may simplify the sway pattern, thus making

the body sway regular and predictable (Riley and Clark 2003). There-

fore, dancers might have learned a regular and predictable sway pattern

to maintain unstable tiptoe posture, namely, fixed anteroposterior and

mediolateral intra-joint fluctuations.

Ballet dancer’s joint coordination

Learning movement skills is a process through which the neural con-

trol system achieves movement coordination by mastering redundant de-

grees of freedom of the body or limb system (Bernstein 1967). Many

studies have demonstrated a small joint angular amplitude or decreas-

ing joint amplitude during learning that has been interpreted as a sign

of ”joint freezing” (Chow et al. 2007; Higuchi et al. 2002; Hodges et al.

2005; Steenbergen et al. 1995), which was interpreted as a reduction of the

degrees of freedom in a multi-joint movement (Chow et al. 2007; Higuchi

et al. 2002; Hodges et al. 2005; Steenbergen et al. 1995). In-phase joint

coordination between the ankle and knee in dancers during tiptoe stand-
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ing observed in this study could make joint configuration smoother and

more arch-like compared with anti-phase coordination, which makes a

notched leg configuration. Thus, inter-joint in-phase coordination might

be a new type of reduction in the degrees of freedom of multi-joint fluctua-

tions. However, as Bernstein noted, redundancy in the degrees of freedom

is likely to only occur in the initial stages of motor learning (Bernstein

1967; Hodges et al. 2005). Thus, further investigations involving simu-

lations with a musculoskeletal model are necessary to determine whether

the in-phase joint coordination we observed in this study leads a quieter

posture. In addition, an investigation of joint coordination in more skillful

participants, such as professional dancers, can corroborate the features

of ballet-specific joint movements, which may clarify whether the joint

movements of dancers are aesthetically pleasing to the audience.

Dancers exhibited in-phase coordination between the ankle and knee

joints in the sagittal plane. In-phase coordination indicates that two joints

fluctuate in the same direction synchronously. We suggest that this micro-

level of in-phase coordination configures the joints in an arch. Thus, this

arch-like configuration due to in-phase coordination might be a product

of dancers’ lithe legs during standing. Our results suggested that the

micro-level of joint coordination could be related to the beauty of dancers’

standing postures. Further investigation is necessary to understand the

relationship between the kinematic indices and the beauty of motion.

Regarding the dimensionality of joint fluctuations, we observed that

there was no difference between the groups for either tiptoe or heel-toe

standing in the number of trials with a cumulative %Variance that re-
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quired a PC3 for a 0.8 saturation. This result suggested that the com-

plexity of the leg joint fluctuations of dancers did not differ from that of

non-dancers. The total number of variables (i.e., the number of kinematic

data) used in PCA was 7 for tiptoe standing and 5 for heel-toe standing

(see methods). This study is the first to investigate the dimensionality of

joint fluctuations using PCA, and the results indicated that the complex-

ity of leg joint fluctuations during standing might not differ, regardless of

postural expertise, and that the dimensionality might be approximately 2

or 3 regardless of postural instability. Exploring this concept in more de-

tail will be essential to clarify the relationship between the dimensionality

of joint fluctuations and postural expertise.

COP fluctuation

The path length and rectangular area are traditional analyses of the

COP used to estimate postural stability. These methods typically assume

that the larger the body fluctuation, the more unstable the posture. How-

ever in this study, no significant differences in path length or rectangular

area of the COP were observed between dancers and non-dancers dur-

ing heel-toe or tiptoe standing. In previous studies comparing dancers

and non-dancers, such inconsistent results have also been reported in the

COP analysis. For instance, there have been reports both of significant

differences in the parameters of the COP analysis between groups (Stins

et al. 2009) and no significant differences in these parameters (Gerbino

et al. 2007). Balance training may have an effect on body fluctuation

only during challenging balance conditions and may not transfer to less
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challenging balance conditions, which are more representative of daily life

(Schmit et al. 2005). In addition, the SDs of path length for heel-toe and

tiptoe standing and of rectangular area for heel-toe standing were high in

the trained group. Considering that the dancers had a variety of joint co-

ordination patterns, whereas non-dancers only had an anti-phase pattern,

these results might imply that dancers can modulate their joint fluctu-

ations and corresponding COP movements in a more flexible manner.

This larger variability in the motor outputs of dancers might be derived

from a larger source of sensory information or multiple control strategies

for postural stability compared with that of non-dancers. Our results

are examples that show a simple linear COP analysis cannot extract the

balance ability of dancers, even during unstable tiptoe standing. By con-

trast, in this study PCA was successfully used to examine skill level and

postural control, thus providing insight into the skillful control of joint

fluctuations.

Participants, Experimental tasks, and PCA

The ballet dancers recruited in this study were non-professionals. Be-

cause tiptoe standing is an elementary skill of classical ballet, the dancers

(with more than ten years of ballet experience) were considered mature

enough to perfectly perform tiptoe standing. However, the joint coor-

dination of professional ballet dancers could be different from that of

non-professional dancers. Thus, further investigation using professional

dancers is necessary to clarify ballet dancers’ postural control strategy

and the relationship between kinematics indices and the beauty of pos-
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ture.

We attached the splint to the back of the participants and fixed

their upper body to restrict the entire body motion to the MP, ankle,

knee, and hip joints. Aramaki et al. (2001) obtained notable results

regarding lower limb joint coordination during heel-toe standing using

a splint attached to the participants’ backs. Additionally, by using the

splint, we could control the movement of the participants’ upper bodies.

However, this method might result in an unnatural standing posture.

Moreover, we did not fixed the participants’ arms because they could

hold on to the barre in case they lost their balance during unstable tiptoe

standing; thus, we instructed the participants not to move their arms

while standing. Therefore, in future studies, more practical tasks should

be used to understand the postural control of more pragmatic stances.

By using PCA, we demonstrated the contribution of and relation-

ships between the kinematic data by comparing each weighting coeffi-

cient for each time series. We focused mainly on PC1 in this study

because PC2 and PC3 contained much less information than PC1 (see

Fig 2), although PC2 and PC3 were necessary to saturate the cumulative

%Variance. However, there might be differences in the postural control

strategies between the groups in these smaller principal components. Fur-

ther assessment is necessary to clarify the slight differences in postural

control that significantly affect balance control abilities.
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Conclusion

There were three main results of this study: (1) during tiptoe stand-

ing, dancers exhibited an anteroposterior in-phase coordination of ankle-

knee sway, whereas non-dancers predominantly showed an anti-phase co-

ordination of the adjacent joints; (2) there was intra-joint coordination

during heel-toe and tiptoe standing, particularly for dancers, in which the

MP and ankle joints tended to sway left-front or right-rear during tiptoe

standing; and (3) some traditional COP analysis could not completely

determine postural expertise, even during unstable tiptoe standing.
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STUDY2
Joint coordination and muscle activities of

ballet dancers during tiptoe standing

Abstract

We aimed to investigate lower limb joint coordination in dancers

during tiptoe standing and the relationship between joint coordination

and muscle co-activation. Seven female ballet dancers performed tiptoe

standing with six kinds of leg positions (the first five positions are from

classical dance and the 6th position is from modern dance) for 10 s. The

kinematic data of the metatarsophalangeal, ankle, knee, and hip joints

and surface electromyograms (EMG) over 13 lower limb muscles were

recorded. Principal component analysis was performed to determine joint

coordination. Metatarsophalangeal-ankle and ankle-knee had in-phase

coordination while knee-hip showed anti-phase in the sagittal plane. In

addition, most EMG-EMG coherence around metatarsophalangeal and

ankle joints was significant up to 50 Hz when these two joints swayed with

in-phase. In conclusion, ballet dancers had in-phase coordination from

metatarsophalangeal to knee joints, which was associated with muscle

co-activation to a higher frequency domain (50 Hz) in comparison with

anti-phase coordination.
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Introduction

Many studies have investigated dancers’ superb equilibrium control

and posture by comparing dancers and non-dancers or dancers with a

variety of skill levels (see review Blsing et al. 2012). Joint coordination,

which is a synergistic structure underlying the mechanically redundant

human body segments, is an important topic of human motor control.

Many studies have focused on joint coordination with a variety of motor

tasks: standing posture (e.g. Kuo et al. 1998; Aramaki et al. 2001; Pin-

ter et al. 2008), gait (e.g. Deluzio et al. 1997; Hubley-Kozey et al. 2006;

Ivanenko et al. 2005; Troje 2002), and rhythmic movements (Toiviainen

et al. 2010). We have also examined ballet dancers’ lower-limb kinematic

coordination during tiptoe standing with bare feet (Tanabe et al. 2014),

which is ”en demi-pointe” and not ”en pointe” (we refer to demi-pointe as

tiptoe standing throughout this study), suggesting that dancers’ key coor-

dinative pattern for lower limb joints was in-phase coordination between

adjacent joints. However, we have examined ballet dancers’ postural con-

trol only with the 6th position used in modern/contemporary dance. The

first five positions are used in classical dance, in which the legs are turned

out (external rotation) might affect or constrain the skeletal and muscular

coordinative structures during standing. Thus, it is necessary to exam-

ine joint coordination under a variety of leg configurations to understand

ballet dancers’ postural stability and its control strategy. A dynamical

systems approach, which uses a mathematical compression analysis such

as principal component analysis (PCA), is one approach to capture the
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kinematic organization, and this approach proposes combining extremely

redundant kinematic components with multiple body segments into func-

tional units called coordinative structures or synergies (e.g., Turvey et al.

1988; Mitra et al. 1998). Ballet dancers’ superb postural control abil-

ity might derive from a neural-muscular-skeletal system that efficiently

controls the mechanical structure; however, the postural control strategy

specific to ballet dancers has not been clarified at the level of skeletal

system coordinative structures such as joint-to-joint coordination (i.e.,

in-phase or anti-phase coordination). Based on this dynamical systems

approach, we aimed to investigate the joint coordination of ballet dancers

during tiptoe standing (demi-point) in a variety of postures.

Joint coordination represents the coupling patterns of two adjacent

joints involving three segments’ oscillations. Thus, two muscles associ-

ated with the fluctuations of the two adjacent joints might activate syn-

chronously for the sake of kinematic coupling. As for the synchronous

muscle activities during human standing, the coherence between two

electromyography (EMG) signals, which reveals the muscle co-activation

in the frequency domain, has been demonstrated during quiet standing

(Boonstra et al. 2008; Saffer et al. 2008). EMG signals can be divided

in the frequency domain into alpha, beta, and gamma bands, which rep-

resent different neural commands of the central nervous system (CNS)

(Ushiyama 2013). It is possible that different joint coordination patterns

are caused by different coupling patterns of muscle activities. Thus, we

also aimed to examine the EMG-EMG coherence between joint coordina-

tion patterns for inspecting the musculo-skeletal relationship regarding
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joint coordination and speculating on the control of joint coordination

via motor cortex.

The purpose of this study was to investigate the joint coordination

for a variety of foot positions (six kinds of leg positions; the first five

from classical dance and the 6th from modern dance). Furthermore, we

aimed to examine the differences in muscle co-activations between joint

coordination patterns as a first step to understand the postural control

mechanism underlying the generation of joint coordination.

Materials and methods

All procedures used in this study were in accordance with the Dec-

laration of Helsinki and were approved by the Ethics Committee of the

Graduate School of Human and Environmental Studies at Kyoto Univer-

sity. Approval was based on an appropriate risk/benefit ratio and a study

design wherein the risks were minimized. All procedures were conducted

in accordance with the approved protocol. Informed consent is a process

beginning with both written and verbal description of the study and in-

surance of participant understanding followed by a signed consent form.

Informed consent continued throughout the study via a dialogue between

the researcher and participants.

Participants

Seven female non-professional classical ballet dancers (age = 24.1 ±

5.0 yr, height = 160.8 ± 5.1 cm, body mass = 53.0 ± 7.9 kg) participated

in this study. All of them were right-handed and right leg dominant: hand
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and leg dominance was tested by asking participants the hand used for

writing and utensils and the leg used to kick balls, put in front when

starting running, and put forward first when suddenly falling down, re-

spectively. They had enough experience with ballet training to perform

tiptoe standing; the average number of years of their training was 14.4

± 3.6 yr. None of the participants had a significant medical history or

signs of gait, postural, or neurological disorders, and no one had vision

problems. One of the participants had genu recurvatum (her heels were

off the floor when she sat with her legs extended forward), however, there

was no obvious differences in the results of this study relevant to genu

recurvatum.

Experimental protocol and measurement

Participants stood barefoot (without wearing any shoes) with their

eyes open and arms crossed in front of their chest and performed demi-

point, which is tiptoe standing on the ball of the foot. They performed

the six leg positions used in dance, from 1st to 6th position, while facing

forward (en face). The 1st to 5th positions are defined in classical ballet

as positions with the legs turned out, and the 6th position is used in mod-

ern/contemporary dance. These leg configurations are shown in Figure 1:

the distance between both feet for 2nd and 4th positions were one-and-a

half times the length of the foot and the length of one foot, respectively,

according to Warren (1989, p13). In this study, we referred to those

standing positions as T1 to T6. For the 3rd to 5th positions, participants

performed two kinds of leg configurations; right-front (referred to as T3f,
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T4f, and T5f) and right-rear (referred to as T3b, T4b, and T5b). For 1st

through 5th positions, participants’ legs were turned out with maximal

external rotation at the hip and they were in parallel and closed during

the 6th position. Each of a total of nine conditions lasted for 10 s and five

trials were conducted for each standing condition. A sufficient rest period

of at least 5 min was allowed between the conditions. All participants

were asked to perform each kind of tiptoe standing in random order.

1st                           2nd                        3rd

4th                                 5th                    6th

right right

front front

Figure 1: Six leg positions. Front view and footprint are shown for all po-
sitions. In addition, right side view (right top) is shown for the 4th and 5th
positions. All of these positions were performed with facing front (en face) in
this study
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For calculating joint angles of metatarsophalangeal (MP), ankle,

knee, and hip (greater trochanter) joints subsequently, we measured the

anteroposterior/mediolateral displacements of the ankle, knee, hip, and

anterior superior iliac spine (ASIS). We attached reflective boards (8cm

× 8cm white plastic boards) to the front and the right sides (at the level

of lateral malleolus, region genu anterior, greater trochanter, and ASIS)

of their right legs using double-sided tape for most of the leg positions

except for the rear leg of 3rd, 4th, and 5th positions. For these three

positions, the boards were replaced from the anterior to the posterior

surface of the knee and hip. The two boards attached to the front and

right sides of the body for each joint were connected and fixed to be

90 degrees. Then we applied lasers to the middle of the boards. Eight

laser sensors were used (four sensors in front of the participants: 10 m

resolution, LK-500, Keyence, Japan, and four additional sensors on the

right side of the participants: 4 m resolution, IL-S100, Keyence, Japan)

to obtain kinematic data of ankle, knee, hip, and ASIS in anteroposterior

and mediolateral directions with a sampling frequency of 2 kHz. During

calibration, we checked that a constant value of 1V was outputted for

a constant slide of the board (1cm for LK-500 and 0.6cm for IL-S100).

The arrangement of the eight laser sensors is illustrated in Figure 2a.

EMG signals from the gluteus medius (GM), rectus femoris (RF), sar-

torius (SR), vastus lateralis (VL), long head of biceps femoris (BFL),

semimembranosus (SM), medial gastrocnemius (MG), lateral gastrocne-

mius (LG), soleus (SOL), peroneus longus (PL), tibialis anterior (TA),

extensor digitorum longus (EDL), and flexor hallucis brevis (FHB) mus-
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cles were recorded from participants’ right legs with Ag-AgCl electrodes

with an interelectrode distance of 12 mm (DL-141, S&ME, Japan) (EMG

locations are shown in Figure 2b). To minimize the cross talk between

adjacent muscles, we first ascertained the location of the belly of each

muscle by using an ultrasound B-mode image, and then we placed the

electrodes over the belly. The reference electrode for the EMGs was

placed over the lateral malleolus of left leg. The electrodes were con-

nected to a preamplifier with a bandwidth of 5.2500 Hz (DL-741, S&ME,

Japan). All signals were stored with a sampling frequency of 2 kHz on the

hard disk of a personal computer using a 16-bit analog-to-digital converter

(PowerLab/16SP, ADInstruments, Sydney, Australia). Data processing

was performed with Matlab 6.5 (The MathWorks, Natick, MA).

(a) (b)

Anteroposterior
displacement

Mediolateral
displacement

●

●

● ●

●

●

●

●

●
●

●●

EDL

TA

PL

FHB

SOL

MG

LG
VL

RF

SR

BFL

SM

Figure 2: Experimental set-up and EMG location. (a) The displacements of
the ankle, knee, hip, and ASIS were measured by eight laser sensors (small
black equipment in front/side of participants). Laser lights were reflected at
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the square reflective boards attached to participants’ body. Participants were
always facing front (en face) with their eyes open. When legs were turned
out, we re-attached the reflective boards so that they are facing front or right
depending on the degree of turn out of the subjects’ legs. (b) EMG location
for twelve leg muscles. The belly of each muscle was detected by using an
ultrasound B-mode image before attaching electrodes to the participants’ skin
surface.

Data analysis

A time series of kinematics data of 10 s was passed through a 20

Hz Butterworth low-pass filter. With the assumption that the vertical

displacement of the body is small compared to those in the sagittal and

frontal planes, the displacements of ankle, knee, hip, and ASIS mea-

sured by the laser sensors were then converted to position coordinates

(Xi, Yi, Zi) (i=1,2,…,5, corresponding to metatarsophalangeal (MP), an-

kle, knee, hip, and ASIS, respectively) of the center of the individual

joints as follows:

Xi = Lsi +Ri

Yi = Lfi +Ri

Zi =
√
A2

i − (Xi −Xi−1)2 − (Yi − Yi−1)2 + Zi−1

where Lsi and Lfi are the displacements of ith joint (for i > 2) from z

axes to the reflective board attached to the front and right side of the ith

joint, respectively, Ri is the ith joint’s radius (for i > 2), the definition of

which is shown in Fig 3a, and Ai is the segment length between ith joint

and (i − 1)th joint (an example is shown in Fig 3b). The coordinate of

the MP (i = 1) was set to be the origin: (X1, Y1, Z1) = (0, 0, 0).

Because participants’ lower limbs were held in external rotation at

the hip in 1st to 5th positions, we defined the segment-specific sagittal
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and frontal planes of each segment for every trial, which means that the

orientation of x-y-z axis is different for each pair of the sagittal and frontal

planes. This segment-specific sagittal plane of the ith joint was defined

as the plane which crosses the initial locations of the center of rotations

for the (i − 1)th, ith, and (i + 1)th joints. The frontal plane crosses the

initial location of the ith joint, runs parallel to the vertical direction, and

crosses at right angles with the sagittal plane (Fig 3c, both planes for MP

joint). Then we calculated the joint angles along the defined sagittal and

frontal planes.

●

●

●

Toe

MP

Saggital plane

Frontal

Ankle

●

y

z
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the center
of ith joint

skin surface
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(a)

Figure 3: The coordinates of the center of joints and segment-specific sagittal
and frontal planes. (a) Radii of the ankle, knee, and hip (greater trochanter)
and the depth of the anterior superior iliac spine (ASIS). The ankle and knee
were approximated to circles, whose radii were R2 and R3, respectively. The
radius of hip (R4) was defined to be the mean of its anterior depth and the
horizontal distance between greater trochanter and ASIS. The horizontal plane
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including both ASIS was approximated to a rectangle with two semicircles in
both sides, and its depth (R5) was defined as the radius of the semicircle. (b)
The definitions of Lfi and Ri for the calculation of the coordinate in sagittal
plane of ith joint (that is, Yi). (c) The sagittal and frontal planes used for the
calculation of MP joint angles. The sagittal plane is a plane through the initial
locations of the adjacent three joints (toe, MP, and ankle in this case) and the
frontal plane is a plane that includes the initial location of MP joint and is
orthogonal with the sagittal plane. These two planes were made for each joint
(MP, ankle, knee, and hip) in the same way, and only the orientation of x-y-z
axis is different for each pair of the sagittal and frontal plane whatever the
degree of turn out is.

PCA (Jolliffe 1986) enables us not only to compress or remove redun-

dant information in kinematic data, but also to examine the covariance

between kinematic variables existing in the assembled information. In

this study, we investigated the coordination between MP, ankle, knee,

and hip joint angles in sagittal and frontal planes by using PCA (medio-

lateral kinematic data of the knee was excluded because it is anatomically

impossible for the knee to move in this direction). With these seven vari-

ables, we first formed a matrix A as follows:

A = [X1, X2, ..., X7]

where the first four rows represent joint angles of MP, ankle, knee, and

hip in the sagittal plane, and the last three rows represent joint angles

of MP, ankle, and hip in the frontal plane. The percentage of variance

accounted for (VAF) was calculated as follows:

V AF (i) =
λi

7∑
k=1

λk

where λi is the ith eigenvalue of the matrix A.

Joint coordination was assessed by the eigenvectors of A (see Tanabe

et al. 2014 for more details). We investigated joint coordination by using
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the first eigenvector of A (that is of the first principal component (PC1))

because PC1 possesses the largest tendency of the correlation between the

variables (that is, seven time series of joint angles in this study). Using the

first eigenvector of A (the weighting vector of PC1), we categorized the

joint coordination into three patterns: in-phase, anti-phase, and middle

as follows:

anti-phase: Wk ·Wk+1 < 0 and |Wk| > 0.4 and |Wk+1| > 0.4

in-phase: Wk ·Wk+1 > 0 and |Wk| > 0.4 and |Wk+1| > 0.4

whereWk represent the kth component of the first eigenvector of A, which

is associated with the kth joint angle. Otherwise, the coordination was

regarded to be the middle pattern. We used the value of 0.4 because the

maximum value of weight in our previous study was approximately 0.5

and a similar value of weight was also shown in this study. Although this

threshold of 0.4 was arbitrarily selected, this threshold was able to catego-

rize the joint coordination into the three patterns quite evenly. Also, even

if this threshold was larger or smaller than 0.4, the in/anti coordination

would not be determined as the opposite (anti/in) coordination because

in/anti coordination patterns differ based on the relationship of signs be-

tween two components of PC1, or rather, there would be more/less middle

pattern. In this context, at least the preference of in-phase or anti-phase

will be preserved with any value of threshold unless it ’s between 0 and

0.5. Also, to show the dominant coordination pattern for each leg po-

sition, the number of trials of each coordination pattern among all five

trials was given as the means ± SD.
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We also calculated the coherence spectrum between EMG signals to

examine the co-activation of muscles. The pairs of EMG signals were

selected so that each of the muscles was associated with the movement

of an adjacent joint, and we computed coherence spectrum for all of the

EMG pairs. EMG time series were rectified because rectification of the

surface EMG signal and its power spectrum is useful to reveal the tempo-

ral pattern of grouped motor unit discharge (Halliday et al. 1995; Myers

al. 2003) and the activation strategy of the muscles (Yoshitake et al.

2002), and were segmented into epochs of 512 ms (1024 points) duration

with no overlap (19 epochs). The data set corresponding to each 512-

ms epoch was Hanning-windowed to reduce the spectral leakage. As the

window size of 512 ms would only provide a single estimate of coherence

of the 2 Hz signal (whose period is 500 ms) in each window, we focused

on higher frequency domain than 2 Hz in the present study. After that,

we separated the EMG-EMG coherence spectrum by joint coordination

patterns for each participant and then computed the mean EMG-EMG

coherence spectrum of all dancers for each joint coordination pattern.

We then compared mean EMG-EMG coherence spectrum between joint

coordination patterns.

Statistical analysis

Statistically significant differences in the number of trials for each

coordination pattern were tested with a one-factor (joint coordination)

ANOVA if the hypothesis of homogeneity of variance between groups

was accepted with Levene’s test for every standing position and adja-
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cent joints’ pairs, i.e., MP-ankle, ankle-knee, and knee-hip in the sagittal

plane, and MP-ankle, and ankle-hip in the frontal plane. If rejected with

Levene’s test, Kruskal-Wallis non-parametric test was performed to com-

pare these variables. One-factor ANOVA (factor of frequency occurrence

of each joint coordination pattern) was used because we focused on the

difference in dominance between joint coordination patterns and not on

the difference in the dominance of each coordination pattern between leg

positions or between pairs of adjacent joints. Subsequently, the Tukey’s

post hoc analysis and Mann-Whitney U-test were conducted for detect-

ing the difference in the preference of joint coordination pattern between

leg positions for ANOVA and Kruskal-Wallis test, respectively. For the

statistical calculations, p ¡ 0.05 was accepted as significant. All statistical

analyses were conducted with Matlab 6.5 (The MathWorks, Natick, MA).

Also, the 95% confidence level (CL) of coherence was given by (Rosenberg

et al. 1989):

CL(α) = 1− (1−
α

100
)

1
n−1

where n is the number of epochs and alpha is the confidence interval (in

%). In this study, alpha of 95% was chosen and n was 19, resulting in the

CL of 0.1533.

Results

Percentage of variance accounted for (VAF)

We calculated VAF for each participant, trial, and standing condi-

tion to assess the dimensionality or complexity of joint fluctuations (total
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number of PCs were seven). Irrespective of standing conditions, cumula-

tive VAF was almost saturated at the third PC at the value of more than

90%. Mean values of VAF for each standing position are shown in Table

1. VAF of PC1 were ranging from 52.8 60.7%, which means that PC1

contains more than half of the information of all joints’ fluctuations for

all of the leg positions.

PC1 PC2 PC3 PC4 PC5 PC6 PC7

T1
55.59 24.70 12.81 4.91 1.84 0.13 0.02

(10.05) (5.72) (4.53) (2.72) (1.16) (0.13) (0.02)

T2
56.41 25.78 12.49 4.14 1.11 0.06 0.01

(8.97) (6.43) (5.18) (1.99) (0.75) (0.05) (0.01)

T3f
60.43 23.99 10.53 3.60 1.36 0.08 0.02

(12.60) (7.94) (4.97) (2.39) (1.15) (0.06) (0.02)

T4f
60.14 25.95 8.96 3.50 1.37 0.07 0.01

(11.63) (9.29) (4.73) (2.45) (0.98) (0.07) (0.01)

T5f
57.38 26.97 10.66 3.63 1.25 0.09 0.02

(9.58) (6.92) (4.78) (2.20) (0.58) (0.07) (0.02)

T6
52.81 26.51 12.90 5.50 2.11 0.14 0.03

(8.40) (5.79) (5.29) (2.19) (1.58) (0.10) (0.03)

T3b
54.02 25.81 12.43 5.48 2.01 0.21 0.03

(9.40) (6.18) (4.24) (3.00) (1.54) (0.25) (0.02)

T4b
55.71 24.97 11.44 5.61 2.06 0.17 0.04

(9.72) (5.18) (4.30) (2.77) (1.16) (0.21) (0.04)

T5b
60.68 22.52 10.29 4.54 1.83 0.12 0.01

(10.92) (6.73) (4.56) (2.39) (1.29) (0.12) (0.01)

Table 1: VAF for each standing position. Mean (± SD) value of VAF[%] for
every principal components (from PC1 to PC7) are shown.

Inter-joint coordination

Joint coordination patterns were obtained by comparing the weight

values between adjacent joints in sagittal and frontal planes. Figure 4
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shows the mean number of trials for each coordination patterns assessed

by PC1’s weighting vectors for each standing condition.
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Figure 4: The number of trials of each coordination pattern during tiptoe
standing. Black, white, and gray bars represent the mean number of trials with
in-phase, anti-phase, and middle, respectively, for each leg position among all
participants (maximum of five because each participant performed five trials
for each leg position). (a) The top, middle, and bottom lines are of MP-
ankle, ankle-knee, and knee- hip coordination in sagittal plane, respectively.
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(b) The top and bottom lines are of MP-ankle, and ankle-hip coordination in
frontal plane, respectively. *, †, and § : significant difference with p < 0.05
between in- and anti- phase, in-phase and middle, and anti-phase and middle,
respectively.

For MP-ankle coordination in the sagittal plane (Fig 4a top), in-

phase was statistically more common than the other patterns for T3f,

T4f, T4b, and T5b (p < 0.01 for these four positions) or than middle for

T5f (p = 0.028). There were more anti-phase trials than middle trials

for T3b (p = 0.022). Moreover, regarding ankle-knee coordination in the

sagittal plane, in-phase was more common than the other patterns for

T1 and T3b (p < 0.01 for both) or than middle for T2 (p = 0.061) (Fig

4a middle). Finally, anti-phase was statistically more common than the

other for T1, T3f, T5f, and T5b (p < 0.01 for all of these positions) or

than in-phase for T4f (p < 0.01) for knee-hip coordination in the sagittal

plane (Fig 4a bottom). Also, in-phase was much less common than the

others for T3f (p < 0.01).

Regarding the joint coordination in the frontal plane (Fig 4b), middle

pattern was statistically more common than the other for T1, and T4b

(p < 0.01), and in-phase was less common than the other during T5b

(p = 0.022) for MP-ankle coordination (Fig 4b, top). Also, there were

a larger number of middle trials than the other for T1, T4b, and T5b

(p < 0.01) and than in-phase for T2 (p < 0.01) for ankle-hip coordination

(Fig 3b bottom). For T5b condition, anti-phase was more common than

the other patterns (p < 0.01).

Regarding the difference between front and rear legs, there were ob-

vious differences between the legs for the 3rd position in the sagittal plane
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(Fig 4a): in-phase was dominant for MP-ankle coordination of front leg

(T3f) and for ankle-knee coordination of rear leg (T3b), and anti-phase

was dominant for knee-hip coordination of front leg (T3f).

The relationship between muscle co-activation and joint coordi-

nation

To investigate the differences in the muscle co-activation patterns in

the frequency domain between the trials with in-phase, anti-phase, and

middle coordination patterns, we first calculated the EMG-EMG coher-

ence for all trials and divided the spectrum into classes depending on the

joint coordination patterns, and then computed the mean value of coher-

ence for each joint coordination pattern. Figure 5 shows the examples

of EMG-EMG coherence associated with MP-ankle joints (left column)

and other features of EMG-EMG coherence especially for ankle-knee and

knee-hip coordination (right column). Black, gray, and dashed lines rep-

resent the mean value of coherence when their joint coordination was

in-phase, anti-phase, and middle pattern, respectively. The three figures

in the left column were chosen as examples that showed MP-ankle in-

phase coordination was associated with higher coherency between lower

limb muscles. The right column represents other features of coherency:

the top, middle, and bottom figures are examples that show ankle-knee

coordination was associated with LG and other lower limb muscles, knee-

hip coordination was associated with specific pairs of muscles (in this case

RF and SR), and there was no coherency for most of the other muscle

pairs, respectively.
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Figure 5: Examples of EMG-EMG coherence spectrum for each joint coor-
dination pattern. Black, gray, and dashed lines represent the mean value of
EMG-EMG coherence spectrum of all the trials when the coordination was
in-phase, anti-phase, and middle, respectively, from all of the participants for
each leg position. Figures of left column are examples of EMG-EMG coherence
associated with MP-ankle coordination for showing that MP-ankle in-phase co-
ordination was associated with higher coherency between lower limb muscles:
FHB vs. SOL during T2 condition (top), PL vs. EDL during T4b condition
(middle), and SOL vs. TA during T2 condition (bottom). Figures of right
column are example of the other features of EMG-EMG coherence: LG vs.
SOL during T4f condition associated with ankle-knee coordination (top) as an
example of ankle-knee coordination associated with LG and other lower limb
muscles, RF vs. SR during T4b condition associated with knee-hip coordina-
tion (middle) as an example of knee-hip coordination associated with specific
pairs of muscles, and TA vs. RF during H5b condition for ankle-knee coordina-
tion as an example of no EMG-EMG coherence (bottom). Horizontal dashed
lines represent the level of significance (that is, CL = 0.1533, see Methods).
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The left column of Figure 5 shows the examples of EMG-EMG co-

herence spectrum around MP and ankle joints: FHB vs. SOL during T2

condition (top), PL vs. EDL during T4b condition (middle), and SOL vs.

TA during T2 condition (bottom). For these three examples, the mean

coherence spectrum of in-phase coordination showed a significant level

up to 50 Hz and was the highest coherence among the three coordination

patterns. On the other hand, the coherence spectrums of anti-phase and

middle trials were below the in-phase coherence or the significant level.

Similar results, that is, higher values of coherence for in-phase trials, were

obtained for all the other combinations of EMG signals around MP and

ankle joints, including the pairs of FHB and lower limb muscles and also

the pairs of antagonist muscles of lower limb such as a pair of SOL and

TA. These results were consistent through all leg positions especially non-

crossed leg positions (T1, T2, and T6) and front-leg positions (T3f, T4f,

and T5f).

There was almost no difference in the EMG-EMG coherence between

ankle-knee and knee-hip joint coordination patterns for all leg positions.

The coherence between the pairs of LG (which is knee flexor) and lower

limb muscles such as SOL, PL, TA, and EDL, which includes the pairs

of antagonist muscles, were significant up to 50 Hz with most of the leg

positions (examples are shown in Fig 5 right top: LG vs. SOL during T4f

condition). In addition, RF-SR coherence exceeded the significant level

up to 50 Hz only for crossed rear leg of tiptoe standing (during T3b, T4b,

and T5b conditions). An example is shown in the right-middle of Figure

5. The rest of the EMG-EMG coherence spectrums were not significant
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(an example is shown in the right-bottom of Figure 5).

Discussion

Joint coordination

In this study, MP-ankle coordination in the sagittal plane showed

a statistical preference for in-phase for more than half of the leg posi-

tions (T3f, T4f, T5f, T4b, and T5b). In addition, most of the other

positions (T1, T2, and T6) also showed the tendency of in-phase (Fig

4a, top). Also, in-phase was statistically more common for ankle-knee

coordination of some positions (T1, T2, and T3b) in the sagittal plane.

The in-phase joint coordination was a feature of ballet dancers’ joint

fluctuations during tiptoe standing (Tanabe et al. 2014). Therefore, the

in-phase joint coordination observed frequently in this study may be a

possible feature of joint coordination specific to ballet dancers with many

years of training.

There were more trials with the middle pattern in the frontal plane

(Fig 4). Postural control in the frontal plane might be more difficult

than that in sagittal plane because most leg muscles are attached to the

front/back side of the segments and this anatomical architecture makes it

easier to control the anteroposterior fluctuations compared with medio-

lateral fluctuation, and as a result, coordination patterns may vary within

trials in the frontal plane. We should note that the variability in joint

coordination patterns was seen both in different dancers and within the

same dancer. The cause of the preference in joint coordination patterns

deserves further clarification.
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There was a difference in joint coordination preferences between front

and rear legs, especially for the 3rd position in the sagittal plane (Fig 4a).

All of the dancers that participated in this study were right-leg dominant.

Thus, this difference between front and rear legs might be due to body

laterality. However, all of the participants said there was no difference

between legs in the manageability of tiptoe standing. Therefore, the

difference between T3f/T3b conditions may not be due to laterality in

dominant legs at least the conscious level, or rather, it might be because

of the mechanical asymmetry in the leg configurations.

Regarding the difference between leg positions, crossed-leg positions

(3rd, 4th, and 5th positions) tended to be in-phase for MP-ankle coordi-

nation and anti-phase for knee-hip coordination both in the sagittal plane

(Fig 4a top and bottom). Both legs are stuck together, especially for 3rd

and 5th positions, therefore, this mechanical constraint due to crossing

legs may force the foot and shank segments to move synchronously, and

in-phase coordination was dominant as a result. In-phase coordination

makes body segments more susceptible to gravitational toppling torque

compared with anti-phase oscillation, because the two segments fluctuate

in the same direction. Therefore, to compensate for this destabilizing

torque due to in-phase oscillation for the foot-shank segment during leg-

crossed positions, the knee and hip may fluctuate in anti-phase in many

cases. In addition, there was less bias in joint coordination pattern in the

T6 position. The 6th position is the only position in which legs were not

turned-out in this study. There was no constraint in the joint fluctuations

in the anteroposterior direction during the 6th position, and this may be
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the reason that dancers were able to adopt a variety of joint coordination

patterns and there was less deviation between them.

Muscle co-activations

We compared joint coordination patterns in EMG-EMG coherence

as a coupling of muscles. Although pooled coherence (Amjad et al. 1997)

would be a better representation of the coherence spectrum for each coor-

dination pattern, the number of trials were different between coordination

patterns for each participant and thus the significance levels of the coher-

ence spectrum were different between both participants and coordination

patterns; thus, the coherence spectrum was not comparable between joint

coordination patterns. Therefore, in this study, we used the mean coher-

ence spectrum to compare joint coordination patterns. The EMG-EMG

coherence around MP and ankle joints showed higher coherence up to 50

Hz for in-phase coordination than the other two patterns (Fig 5). This re-

sult suggests that the in-phase joint coordination between MP and ankle

was associated with muscle co-activations around these two joints, which

is FHB vs. lower limb muscles and antagonist muscles around ankle joint

up to a higher frequency domain. Because the ankle has to be located

right above MP joint during ballet specific tiptoe standing (Grieg 1994),

the ankle might be locked due to co-activations of antagonist muscles,

and this could cause the preference for in-phase coordination between MP

and ankle joints. Although the activation of antagonist muscles is said to

decrease via training associated with training-related increase in motor

cortex activation (Dal Maso et al. 2012), the stability of the ankle might
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be so vulnerable during tiptoe standing that co-activation of antagonist

muscles was required. The in-phase coordination between MP and ankle

joints was accompanied by muscle co-activations in the alpha, beta, and

gamma frequency bands (Ushiyama 2013). Although the gamma range

has been linked to strong contraction (Brown et al. 1998; Mima and Hal-

lett 1999) or dynamic force output (Marsden et al. 2000; Omlor et al.

2007), our result demonstrated the existence of fast muscular activation

in the gamma band during static tiptoe standing and raised the possi-

bility that only in-phase coordination could be related with the motor

control of CNS which creates the muscle activation in the gamma band.

Our results indicate that in-phase coordination might result from the sta-

bilization process; that is, a relatively unstable joint such as the MP and

ankle during tiptoe standing could be locked by muscle co-activations to

be stabilized, and as a result, in-phase coordination might be generated.

In contrast, there were similar muscle co-activation patterns among

three coordination patterns of ankle-knee and knee-hip (Fig 5 right). This

result suggested that each joint coordination pattern from ankle to hip

joints might not be generated from the co-activation patterns of two mus-

cles. One possibility is that the time lags between the timings of multiple

muscle activation result in a specific joint coordination. Also, the pairs

of aforementioned antagonist muscles around ankle joints, that is, LG

vs. other lower limb muscles, and RF vs. SR, showed significant level

of coherence up to higher frequency domain during tiptoe standing (Fig

5). It was suggested that lower limb muscles swayed in a coupled man-

ner up to the fluctuations in higher frequency domain to stabilize the
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ankle right above the MP joint. The reason why LG took the lead in

the co-activations of lower limb muscles might be that first, LG plays a

major role to generate the gravitational toppling torque while standing,

and second, it is possible for LG to modulate its activation along with the

sway of both the ankle and knee because LG is a bi-articular muscle, and

last, the origin of LG is lateral epicondyle of femur and this direction of

attachment might anatomically contribute to the turn out of knee joint.

Also, the reason of RF-SR coupling up to fast oscillations might be that

these muscles ’origins are close and their insertions are opposite sides

of knee joint: tibial tuberosity for RF, proximal part of the tibia for SR.

Thus, the coupling of the two muscles can contribute to the stabilization

of the knee.

Although our discussion in this section of this study is much based

on qualitative observation of coherence analysis, it was demonstrated

the possibility of one-to-one relationships between kinematic coordina-

tive structure and muscle activation coupling for at least MP-ankle coor-

dination. This is an important point for understanding human postural

control because this will be the first step for examining how human body

segments are actuated leading to embody a certain pattern of kinematic

coordination and investigating what functions of control strategies via

muscle activities result in joint coordinative structure. In further anal-

ysis, it will be necessary for different EMG frequency bands to be ana-

lyzed separately, and it will be important to investigate the relationship

between temporal phase transition and muscle activities.
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Kinematic dimensionality during standing

In general, a few modes are sufficient to describe the variability of

a spatially distributed coherent system (Kelso 1995; Haken 1996). The

results in this study reveal that the low dimensional description of lower

limb joints’ fluctuations is possible under a variety of leg positions, and

that the multiple degrees of freedom can be compressed to two or three.

Ballet specific positions for tiptoe standing with legs turned out are so un-

stable that non-dancers lose balance easily with those positions; this is the

main reason we did not recruit non-dancers. Such highly constrained me-

chanical leg positions may require a simple control mode; that is, dancers

might have learned kinematic control of a few dimensions to maintain

balance under unstable standing conditions.

In conclusion, there were two findings in this study: first, ballet

dancers showed in-phase oscillation as MP-ankle and ankle-knee coordi-

nation under most of the leg positions among six kinds of tiptoe standing;

second, MP-ankle in-phase coordination was associated with EMG-EMG

coherence up to 50 Hz. Because in-phase oscillation was seen as char-

acteristic of dancers’ joint coordination patterns during tiptoe standing

(Tanabe et al. 2014), our result indicates that ballet dancers’ in-phase

coordination between leg segments is controlled by higher frequencies of

muscle co-activations compared with anti-phase coordination.
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STUDY3
Temporal phase transition as lower limb

inter-joint coordination and corresponding

muscle activity during expert-specific

postural control

Abstract

Lower limb joints fluctuate in a coordinative way during standing to

compensate. Understanding the properties of temporal change in joint

coordination and the mechanism of its generation remains a fundamental

question in postural control strategy. Also, the plasticity of human motor

control system can be observed by the investigation of postural control

strategy for well-trained subjects such as dancers. The purpose of this

study was to investigate the expert-specific temporal phase transition

properties of lower limb joints during tiptoe standing and to examine the

relationship between muscle activities and joint phase transitions. Seven

female non-professional ballet dancers performed tiptoe standing with

four kinds of leg positions. We measured the angular displacements of

four lower limb joints in the sagittal plane. The temporal phase transition

between two adjacent joints was calculated by using the Hilbert transfor-

mation. This methodology allowed us to compute the cross correlation

between phase transition and electromyography (EMG) from twelve leg

muscles. Peaks of phase-EMG cross-correlation were detected to inves-

tigate the relationship between muscle activities and kinematic phase
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transition. Inter-joint phase transitions occurred a few times during 10

seconds of tiptoe standing. More importantly, we observed the cross cor-

relation between phase transition and EMG signals, suggesting that phase

transitions can be controlled via muscle activities. In addition, muscles

that showed relationship with phase transitions varied individually and

depended on leg configuration, and even small muscle activities can be

temporally associated with joint phase transitions.

Introduction

Human bipedal stance is inherently unstable with the pendulum-like

behavior of linking segments of the whole body. Visual, vestibular, and

somatosensory systems function cooperatively to achieve the postural sta-

bility of such unstable mechanical dynamics (Dietz 1992). Human can

learn to maintain more unstable posture through training, such as ballet

dancers that can perform tiptoe standing with minimal body fluctuation.

Understanding the postural control mechanism for well-trained subjects

will lead us to comprehend the plasticity of human motor control system.

During tiptoe standing, the corporative structure of sensory information

will change due to the increased articular joints of the body with differ-

ent innervation, narrower base of support, and less cutaneous information

from the sole compared with quiet standing. Hence, the stochastic and

deterministic properties of center of pressure (COP) during tiptoe stand-

ing were different from those of quiet standing (Nolan and Kerrigan 2004)

and more meticulous control of COP by muscle activities was observed

(Tanabe et al. 2012). However, the control mechanism of unstable tiptoe
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standing, for which there might be a remarkable expert-specific control

mechanism, is not fully understood from the aspect of kinematic body

oscillations and its relationship with muscle activities.

The control strategies of human upright posture have been assessed

by observing the joint coordination. For example, reciprocal coordina-

tion between the ankle and hip accelerations has been reported during

quiet standing (Aramaki et al. 2001), and this converse two-joint os-

cillation was reduced through the aging process (Kato et al. 2014). In

addition, we have recently found that the feature of joint coordination of

ballet dancers was in-phase between ankle-knee and knee-hip segments

during tiptoe standing (Tanabe et al. 2012). These findings support

the idea that kinematic coordinative structure, which consists of assem-

bled patterns among multi-segment oscillations, might change through

the adaptation process. Joint fluctuations are partially the outcome of

kinetic control via muscle activities. During quiet standing, lower leg

muscle activities compensate for mechanically unstable body oscillation

(Masani et al. 2003; Sasagawa et al. 2009; Kouzaki and Shinohara 2010;

Kouzaki and Masani 2012; Day et al. 2013; Sozzi et al. 2013). This

kinetic-kinematic coupling was stronger during tiptoe standing (Tanabe

et al. 2012). Joint coordination affects the variability of COM accel-

eration (Sasagawa et al., 2014) and COM-COP relationship (Wang et

al., 2014). These findings indicate that joint coordination has relation-

ship with postural stabilization based on COM-COP control, and thus,

it might be controlled by muscle activities.

Temporal change in center of pressure (COP) center of mass (COM)
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coordination during standing was found to be accordance with the change

of platform moving frequency (Ko et al., 2014), suggesting that the co-

ordinative structure of the body can also change over time according to

the postural task. Ballet dancers learn tiptoe standing with variety of

leg positions. Such expert-specific tiptoe standing is so unstable that the

change of leg configuration may lead the temporal change in kinematic

coordinative structure. In addition, there might be individual differences

in the control mechanism of temporal kinematic coordination because

multi-segment body sways is affected by the individual body configu-

ration. However, both joint coordination and muscle activation patterns

during standing have been evaluated as their tendencies of whole sampling

duration by using such as principal component analysis (for kinematics:

Kuo et al. 1998; Aramaki et al. 2001; Pinter et al. 2008; Tanabe et

al. 2014, and for muscle synergies: Wang et al. 2006; Krishnan et al.

2011), uncontrolled manifold (for kinematics: Hsu et al. 2007; 2013), or

non-negative factorization (for muscle synergies: Chiovetto et al. 2012).

Such methodologies have made it difficult to assess the temporally and

adaptively changing control strategy of unstable postures that require

experts’ skills. On the other hand, the Hilbert transformation (Pikovsky

2001), which we used to calculate the instantaneous phase difference as

kinematic coordination over time, is useful to examine its relationship

with muscle activities by examining the cross-correlation between elec-

tromyography and phase difference time series. This would be a further

step to understand the neural-muscular-skeletal postural control mech-

anism as a postural adaptation of ballet dancers. The purpose of this
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study was to investigate the postural control adaptation through ballet

training from the aspect of the temporal properties of phase transition

between adjacent body segments during tiptoe standing and to examine

the individual difference in phase transition control strategies by muscle

activities.

Materials and Methods

All procedures used in this study were in accordance with the Dec-

laration of Helsinki and were approved by the Ethics Committee of the

Graduate School of Human and Environmental Studies at Kyoto Uni-

versity. Approval was based on an appropriate risk/benefit ratio and a

study design wherein the risks were minimized. All procedures were con-

ducted in accordance with the approved protocol. Informed consent is

a process beginning with both written and oral description of the study

and insurance of participant understanding followed by a signed consent

form. Informed consent continued throughout the study via a dialogue

between the researcher and participants.

Participants

Seven female non-professional classical ballet dancers (age = 24.1 ±

5.0 yr, height = 160.8 ± 5.1 cm, body mass = 53.0 ± 7.9 kg) participated

in this study. The dancers we recruited had enough experience of ballet

training to perform tiptoe standing; the average number of years of their

ballet training was 14.4 ± 3.6 yr. None of the participants had a signifi-

cant medical history or signs of gait, postural, or neurological disorders,
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and no one had vision problems.

Experimental protocol and measurement

1st                                          5th                                     6th

right

front

tiptoe

tiptoe

●

●

●

●

●

-θm

 θa

-θh

 θk

acromion

Hip

Knee

Ankle

5th MP

frontback

(b) (c)

(a)

Figure 1: Three leg positions and experimental setup. (a) Three ballet specific
leg positions (1st, 5th, and 6th positions) used in this study. 1st position: the
balls of both feet are completely turned out, and the heels touch each other.
5th position: both feet touch each other so that the toe of one foot reaches
the heel of the other. Right side view is also shown. Dancers performed
this position with their right legs are both front and rear (5th-f and 5th-b
positions, respectively). 6th position: both feet are stuck together. (b) Joint
displacements were measured by eight laser sensors. Reflective boards (10cm
× 10cm) were attached to each joint. (c) the definition of joint angles in the
sagittal plane.

Each participant was instructed to stand quietly with her eyes open

and to look at a fixed point on a plain wall about 1.5m ahead of them.

We placed a handrail in front of the participants at a height of approx-

imately 1m for their safety. The participants stood barefoot with their
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arms crossed in front of their chest and performed tiptoe (relev or demi

pointe in ballet) standing with three leg positions of classical ballet: 1st,

5th and 6th positions. Leg configuration for each position is shown in

Figure 1(a). For 5th position, participants performed two kinds of leg

configurations: right-leg-front and right-leg-rear (referred to as 5th-f and

5th-b, respectively). Each of the total four positions lasted for 10 s and

five trials were conducted for each position. A sufficient rest period of at

least 5 min was allowed between the conditions.

Before the experiment, we measured the circumferences of each an-

kle, knee, hip, and anterior superior iliac spine (ASIS) and segment length

between metatarsophalangeal (MP)-ankle, ankle-knee, knee-hip, and hip-

ASIS for every participant. These circumferences were used to calculate

the depth of each joint center from the skin surface, based on the approx-

imation that horizontal sections of ankle, knee, and hip are close to circle

and that the section around ASIS are close to a rectangle with two semi-

circles stuck to both sides. Then we attached reflective boards for lasers

(10cm× 10cm) to the front and the right side of the participants’ ankle,

knee, hip, and ASIS. The coordinate of each joint center corresponds to

the coordination of each reflective board subtracted by each joint’s radius.

Eight laser sensors were used (four sensors in front of the participants:

resolution of 10 m, LK-500, Keyence, Japan, and four additional sensors

by the right side of the participants: resolution of 4 m, IL-S100, Keyence,

Japan) to obtain precise displacements of the ankle, knee, hip, and ASIS

in anteroposterior and mediolateral directions with sampling frequency of

2 kHz. The arrangement of the eight laser sensors was illustrated in Fig-
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ure 1(b). The determination range of the laser sensors was 10 cm, and

the horizontal displacement of each joint during tiptoe standing was a

few centimeters at most. Thus, we assumed that participants’ movement

was not restricted by the experimental set up and that we could hold the

accuracy of horizontal displacement of each joint.

Surface electromyograms (EMGs) from the skin surface over the rec-

tus femoris (RF), sartorius (SR), vastus lateralis (VL), long head of biceps

femoris (BFL), semimembranosus (SM), medial gastrocnemius (MG), lat-

eral gastrocnemius (LG), soleus (SOL), peroneus longus (PL), tibialis an-

terior (TA), extensor digitorum longus (EDL), and flexor hallucis brevis

(FHB) muscles were recorded from participants’ right legs with Ag-AgCl

electrodes with an interelectrode distance of 12 mm (DL-141, S&ME,

Japan). To minimize the cross talk between adjacent muscles, we first

ascertained the location of the belly of each muscle by using an ultra-

sound method, and then we placed the electrodes over the belly. The

reference electrode for the EMGs was placed over the lateral malleolus

of left leg. The electrodes were connected to a preamplifier with a band-

width of 5.2500 Hz (DL-741, S&ME, Japan). All signals were stored with

a sampling frequency of 2 kHz on the hard disk of a personal computer

using a 16-bit analog-to-digital converter (PowerLab/16SP, ADInstru-

ments, Sydney, Australia). Data processing was done with Matlab 6.5

(The MathWorks, Natick, MA).
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Data analysis

Time series of kinematics data of 10 s were passed through a 20

Hz Butterworth low-pass filter. The displacements of ankle, knee, hip,

and ASIS measured by the laser sensors were then converted to position

coordinates (Xi, Yi, Zi) (i = 1, 2,…, 5, corresponding to MP, ankle, knee,

hip, and ASIS, respectively) of the center of the individual joints using

the measured segment length and joints’ radius as follows: for i = 1 (MP

joint), the coordinate (X1, Y1, Z1) is the origin (0, 0, 0), and for i > 1

(ankle to ASIS),

Xi = Lsi +Ri

Yi = Lfi +Ri

Zi =
√
A2

i − (Xi −Xi−1)2 − (Yi − Yi−1)2 + Zi−1

where Lsi and Lfi are the displacements of ith joint from z axes to the

reflective board attached to the front and right side of the ith joint,

respectively, Ri is the ith joint’s radius, and Ai is the segment length

between ith joint and (i− 1)th joint.

Because participants’ legs were turned out during the 1st and 5th

positions (see Fig 1(a)), we defined the segment-specific sagittal plane of

each segment for every trial. This segment-specific sagittal plane of the

ith joint was defined as the plane which crosses the initial locations of the

(i − 1)th, ith, and (i + 1)th joints. Then we calculated the joint angles

along the defined sagittal plane, the definition of which is shown in Figure

1(c).
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We used the Hilbert transformation, which was originally introduced

by Gabor (1946), to calculate the temporal phase of each angular displace-

ment. This method provides a true measurement of the instantaneous

phase and amplitude for a signal, s(t), via construction of an analytic

signal, ζ(t), which is a complex function of time defined by:

ζ(t) = s(t) + iH(t) = A(t)eiϕ(t)

where the imaginary part H(t) is the Hilbert transform of s(t), which

is a version of the original real sequence with a 90 ° phase shift, and

A and ϕ are the amplitude and the phase, respectively. The phase of a

signal represents the angular distance that the signal covered since the

time origin and is obtained by:

ϕ(t) = arctan(iH(t)/s(t))

The numerical algorithms are available in the standard control design

packages of Matlab; the function hilbert was used to obtain the results of

this paper. The Hilbert transformation was applied to each angle sepa-

rately, and then the two phase signals of adjacent joints were subtracted to

calculate the temporal phase transition. Figure 2 represents an example

of the MP and ankle angles during one trial (top) and its MP-ankle phase

transition time series calculated by the Hilbert transformation (middle).

The Figure 3 bottom is in/anti switching detected by the two joints’ angle

relationship (the same sign for in-phase and the opposite sign for anti-

phase), indicating that in-phase (0 ± 2nπ[rad];nisaninteger)andanti −

phase(π± 2nπ[rad];nisaninteger) between two joints (solid and dashed
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vertical lines in Fig 3 middle, respectively) calculated by the Hilbert

transform mean that both joints’ angular locations deviate from their

individual mean angular position in the same and different direction, re-

spectively.
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Figure 2: Hilbert phase transition and angular displacements. Top: an exam-
ple of a set of MP (dashed line) and ankle (solid line) angular displacements
during tiptoe standing for 10 seconds. Both time series are standardized with
a mean of zero for a visually clear comparison between the two angular oscil-
lations. Middle: temporal phase transition between the MP and ankle calcu-
lated by Hilbert transformation. The vertical solid and dashed lines represent
in-phase and anti-phase, respectively. Bottom: phase switch defined by the
angular displacements (the same sign for in-phase and the opposite sign for
anti-phase). The acute switches for less than 50 ms were excluded for visual
clarity. This phase switch mostly matches the Hilbert phase transition (middle
figure), and indicates what the Hilbert phase transition means.

Then we detected the period of time when the phase difference moves

from in-phase/anti-phase to anti-phase/in-phase. After that, we unified

the phase transition between in-phase and anti-phase period to be an

upward curve by x-axial reflection, that is, in-to-anti transition starts

from 0 to π and anti-to-in transition starts from π to 2π. We calculated

the phase transition frequency by counting the number of phase transition
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from in-phase to anti-phase, which is almost the same number from anti-

to in- phase. The phase transitions occurred within 100 ms were removed

to exclude the transition derived from reflex loop. Also, EMG signals

were high-pass filtered with 35 Hz butterworth filter and then rectified

and low-pass filtered with 4 Hz butter-worth filter. Then we calculated

cross correlation between phase transition and the processed EMG signals

for each of the same transition period. As phase transition series of target

periods were upward curves, positive and negative correlations represent

muscle activation and attenuation, respectively, associated with phase

transition. The pairs of phase and EMG were as follows: MP-ankle phase

transition vs. EMGs of FHB, PL, TA, EDL, SOL, MG, and LG, ankle-

knee phase transition vs. EMGs of PL, TA, EDL, SOL, MG, LG, RF, SR,

VL, BFL, and SM, and knee-hip phase transition vs. EMGs of MG, LG,

RF, SR, VL, BFL, and SM. Mean cross correlations among the all phase

transition events during five trials were calculated for each pair of joints

and muscles for all dancers and leg positions. Because our sample size was

more than 200 (duration > 0.1s and sampling frequency of 2 kH) in this

study, we focused on the peaks over the value of 0.139, which represents

the Pearson’s product-moment correlation coefficient for a sample size of

200 at a significance level of 0.05. We also focused on the time lag of 100

to 350 ms to identify the contribution of muscles to the phase transitions

because the time lag between lower limb muscle activities and COP or

COM displacements has been reported to be around 200 ms during quiet

standing (Masani et al. 2003).
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Statistical analysis

Statistically significant difference in the phase transition frequency

between dancers and leg positions was tested with a three-factor (in-

dividual dancers, leg positions, and joint pairs) ANOVA. The following

Tukey’s post hoc analysis was conducted for mean values for each dancer,

leg position, and joint pair: the effect size was estimated using partial eta-

squared (η2p). If there were any significant differences detected by the post

hoc analysis, we implemented a one-factor ANOVA to examine the differ-

ences between dancers in the phase transition frequency. One participant

(dancer 4) could not complete this task, thus, we excluded the 5th-b leg

position from the statistical analysis because we focused on individual

variation rather than the difference in postural stance in this study. We

conducted all statistical analyses with SPSS 12.01 for Windows (SPSS,

Inc., Chicago, IL, USA), and p < 0.05 was accepted as significant for all

of these calculations.

Results

Phase transition frequency

We calculated how many times the phase transition between in-

and anti- phase occurred to examine the difference in the phase fre-

quency between leg positions or dancers. Figure 3 represents the mean

phase transition frequency from in- to anti- phase for five trials be-

tween MP-ankle (top), ankle-knee (middle), and knee-hip (bottom), and

we compared them between four leg positions (black, open, gray, and
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hatched bars are for the 1st, 5th-f, 6th, and 5th-b positions, respec-

tively) and between dancers. Dancer 4 could not complete the 5th-

b trials, thus her data of 5th-b condition is missing. The three-way

ANOVA (excluding 5th-b data) revealed the significant main effect of

dancers (F6.0,84 = 4.6, p = 4.3 × 10−4; η2p = 0.25). The following one-

factor ANOVA showed that the knee-hip phase transition frequency of

dancer 7 was significantly higher than dancer 1 and 5 during 1st position

(p = 3.7 × 10−3), than dancer 5 during 5th-f position (p = 7.8 × 10−3),

and than dancer 1, 2, and 6 during 6th position (p = 1.7× 10−2). There

was also a significant interaction between joint pairs and leg positions

(F4.0,168 = 4.5, p = 1.7× 10−3; η2p = 9.7× 10−2), which is not a target for

our discussion in this study. There was no other statistically significant

difference observed.
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Figure 3: Phase transition frequency for each dancer. Top, middle, and bot-
tom figures represent the mean phase transition frequency for five trials, which
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refers to the number of times transition events occurred during 10 seconds of
trial, for each dancer between MP-ankle, ankle-knee, and knee-hip pairs, re-
spectively. Black, open, gray, and hashed bars are of 1st, 5th-f, 6th, and 5th-b
positions, respectively.

Cross correlation between transition and EMG

ID 1 ID 2 ID 3 ID 4 ID 5 ID 6 ID 7

6th

toA+ E, So

toA− F

toI+
P, T

L L
F, So

L
So, M M, L

toI−
F, E

M

F, P

T, E
L

T, E

So, M

1st

toA− E

toI+
T, E T, So

F, P

P L
M L

T, E

So

toI− P, E L T
F, P

E, So

5th-f
toI+ T P P

toI− So, M

5th-b

toA+ P F, L

toA− F P, L

toI+ F T, M

P, T

E, So

M, L

toI− F

Table 1: Muscles associated with MP-ankle phase transitions. Muscles that
showed cross correlation peaks with MP-ankle phase transitions for each leg
positions and dancer. Numbers represent time lags to take phase switch from
in-phase to anti-phase (toA+ and toA- represent muscle activations and atten-
uations before the phase moves to anti-phase, respectively) and from anti-phase
to in-phase (toI+ and toI- represent muscle activations and attenuations before
the phase moves to in-phase, respectively). Blank cells indicate that there was
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no muscle that showed correlation with phase transitions. Dancer 4 could not
complete 5th-b position trials.

We calculated cross correlation ensemble for all phase transition

events through five trials and its time lag between phase transitions and

EMG signals for each standing position and joint pair of all dancers. This

allows us to see whether joint phase transitions occur after the activities

of agonist or antagonist muscles. Positive and negative peaks of the cross

correlation represent the phase transitions associated with muscle activa-

tion and attenuation, respectively. Table 1 lists muscles that showed cross

correlation peak values above 0.139 between MP-ankle phase transitions

and EMGs and their time lag of all leg positions.

The relationship between MP-ankle phase transition and muscle ac-

tivities was dancer dependent (Table 1). In particular, dancer 5’s anti-to-

in phase transition was associated with muscle activities for all leg posi-

tions. In addition, some of the others showed phase-EMG relationship for

specific leg positions (dancer 1, 3, 6, and 7). There was less association

for the rest (dancer 2 and 4). The anti-to-in transitions were more likely

to be associated with muscle activities than in-to-anti transitions.

Figure 4 shows examples of the cross correlation between phase tran-

sition and EMG signals for each joint pair. Figures (a)-(c) represent

the cross correlation associated with MP-ankle, ankle-knee, and knee-hip

phase transitions, respectively. Figure 4a top represents the cross cor-

relations between anti-to-in phase transition (represented by red lines)

and EMGs of dancer 5 during 1st position. They all showed positive

peaks with similar time lag. On the other hand, during 6th position, this
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dancer 5 showed negative correlation between anti-to-in phase transition

and EMGs (Fig 4a middle). Moreover, a positive correlation was observed

between anti-to-in phase transition and six EMGs (red lines) for dancer 7

during 5th-b position, and a negative correlation was also found between

in-to-anti transition and two EMGs (blue lines) (Fig 4a bottom).
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Figure 4: Examples of cross correlation between phase transition and EMG.
(a) MP-Ankle phase transition vs. EMG: dancer 5 during 1st position (top),
dancer 5 during 6th position (middle), and dancer 7 during 5th-b position
(bottom). (b) Ankle-Knee phase transition vs. EMG: dancer 3 during 5th-f
position (top), dancer 7 during 5th-b position (middle), and dancer 5 during
6th position (bottom). (c) Knee-Hip phase transition vs. EMG: dancer 1 dur-
ing 6th position (top), dancer 2 during 5th-f position (middle), and dancer 4
during 5th-f position (bottom). Red and blue lines represent cross correlations
for anti-to-in transition and in-to-anti transition, respectively. Each line repre-
sents the ensemble cross correlation for all events of phase transition through
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five trials, and each symbol indicates each muscle written inside of each figure.

Figure 5 represents seven rectified EMG signals for the four cases

that correspond to the dancers and leg positions in Figure 4a: EMGs of

one trial out of five of dancer 5’s 1st position, dancer 5’s 6th position, and

dancer 7’s 5th-b position. In most cases, FHB activated predominantly

followed by PL, EDL, or MG. In each case, note that there tended to be no

relation between the amplitude of muscle activation and its contribution

to phase transition (that is, peaks in cross correlation).
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Figure 5: Rectified EMGs corresponding to Fig 4a. Rectified EMGs (no
filtered) of seven muscles that were associated with the fluctuations of the
MP and ankle are shown. The figures of each row are of one trial out of five
for the dancer and leg position corresponding to Figure 4a. The solid and
dashed vertical lines represent the time when the MP-ankle phase difference
were in-phase and anti-phase, respectively.
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Table 2 lists the muscles that showed correlation with ankle-knee

phase transition for each dancer and leg position. The relationship be-

tween the ankle-knee phase difference and EMG activities was dancer

dependent in this case as well. Phase transitions of dancer 1, 3, and 5

tended to be associated with muscle activities during all leg positions.

On the other hand, the rest of the dancers showed a relationship between

phase transition and muscle activities only during 5th position. Figure 4b

shows the phase-EMG cross correlations of dancer 3, 5, and 7 as examples

to describe some generation patterns of phase transition. In most cases,

muscle activities occurred before phase transitions with similar time lag.

As with the MP-ankle phase transition, there tended to be no relation-

ship between the amplitude of muscle activities and its contribution to

phase transition.

Table 3 lists the muscles that showed correlation with knee-hip phase

transition for each dancer and standing position. Only dancer 1 showed

the relationship between phase transitions and muscle activities during all

leg positions. For the other dancers, the relationship was seen only during

5th-f position (dancer 2, 4, and 5) or there was almost no relationship

(participants 3, 6, and 7). Some of these examples are shown in Figure 4c.

Dancer 1 (Fig 4c top) and dancer 4 (Fig 4c bottom) showed correlation

peaks with inconsistent time lag. Again, we should note that there tended

to be no relationship between the amplitude of muscle activities and its

contribution to phase transition.
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ID 1 ID 2 ID 3 ID 4 ID 5 ID 6 ID 7

6th

toA+ V

toA− P, So
B R M

M, L

toI+
P, So

L M
L

toI− M R R V
P, M

B

1st

toA+ L, B, M

toA− V
P, So

P, T

R
E, So

M, L

toI+ P, B B V, B P So, L

toI− M So, R Sr

5th-f

toA+ E, L B
So, M

E, M Sr
L

toA− Sm P, E L Sm

toI+ P, E

toI− L
R, Sr

B, Sm

5th-b

toA+ R
P, E

P

P, T
So, M

B
M, R

L
Sr

toI+ R, B E, Sr

Sr, V
V

T, R
Sr

Sm Sr

toI− P, M E L

Table 2: Muscles associated with ankle-knee phase transitions. Muscles that
showed cross correlation peaks with ankle-knee phase transitions for each leg
positions and dancer. ’toA+’ and ’toA-’ represent muscle activations and at-
tenuations before the phase moves to anti-phase, respectively and ’toI+’ and
’toI-’ represent muscle activations and attenuations before the phase moves to
in-phase, respectively.
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ID 1 ID 2 ID 3 ID 4 ID 5 ID 6 ID 7

6th

toA+ V R Sr R

toA− B R

toI+ R, Sr L B Sr

toI− M, L Sr

1st

toA+ M, Sm L

toA− M Sm

toI+ M B

toI−
M, R

Sm

5th-f

toA+ M, V
V B L B

Sm

toA− B, Sm Sm

toI+ R
R, V Sr, V V

Sm Sm

toI− B, Sm M, L

5th-b

toA+ L R

toA− V

toI+ B

toI− V B R, B M, Sm

Table 3: Muscles associated with knee-hip phase transitions. Muscles that
showed cross correlation peaks with knee-hip phase transitions for each leg
positions and dancer. ’toA+’ and ’toA-’ represent muscle activations and at-
tenuations before the phase moves to anti-phase, respectively, and ’toI+’ and
’toI-’ represent muscle activations and attenuations before the phase moves to
in-phase, respectively.

Discussion

The relationship between phase transition and muscle activities

In this study, we found that phase transitions between in- and anti-

phase occurred a few times during 10 seconds of tiptoe standing (Fig

3). Joint coordination has been traditionally assessed as its spatial ten-

dencies, however, tiptoe standing used in ballet is unstable, which may
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disturb a spatially fixed kinematic coordination and make the body oscil-

lation unpredictable. Our results suggest that such adaptively changing

postural control mechanism needs to be examined by instantaneous eval-

uation method such as described by Pikovsky et al. (2001).

Regarding the kinetic-kinematic relationship, the central nervous sys-

tem (CNS) generates desired muscle contractions by combining a small

number of predefined modules, called muscle synergies, and it combines

them in a task-dependent fashion to generate the muscle contractions

that lead to the desired movement (Tresch et al. 2002; Bizzi et al. 2008).

In this study, phase transitions occurred after the muscle activations or

attenuations for most of the dancers (Table 1 to 3). Such muscle ac-

tivities associated with synchronized oscillations of adjacent joints can

be explained by considering muscle modules organized for tiptoe stand-

ing to get the information of each joint’s fluctuation and to output the

command of activations or attenuations to their governing muscles. The

conventional concept of muscle synergies is that the muscles that com-

pose synergies are similar across subjects and motor tasks in many cases

(i.e., robustness of muscle synergies), however, they were inconsistent in

this study. The difference in the composition of modules between dancers

or leg positions might reflect the fact that in some cases the desired task

requires a change in the organization of modules for its effective accom-

plishment.

On the other hand, there was almost no cross correlation peak be-

tween phase transitions and EMG signals for some dancers or leg posi-

tions. This result was dependent on two facts: one is that the cross-
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correlation peaks were variable and uneven for each event of phase tran-

sition during one trial; the second that there was no cross-correlation at

all throughout trials. The former might be because of the variability of

commands that modules output. In the latter case, the phase transitions

might be generated by biomechanical reasons such as viscoelasticity or

constraints of leg positions. The relationship between joint coordination

and mechanical components or joint control strategies by CNS is un-

der consideration in our current research by computer simulation, which

allows us to divide kinematic oscillations into passive and active com-

ponents and to investigate the contribution of each component to joint

coordination.

Differences between dancers

The dancers participated in this study had similar ballet training

experience and similar joint coordination patterns (they were the same

dancers recruited in (Tanabe et al. 2014)). However, how they controlled

their joint fluctuations (i.e., which muscles to use) varied a lot between

dancers. These inter-dancer differences might come from their postural

control strategy controlled by the CNS or their mechanical structures such

as the external rotation angle of the hip, the height of the center of mass,

muscle properties, or joint viscoelasticity. As Alessandro et al. (2013)

states, muscle synergy extraction methods should take into account task

execution variables from the aspect of command input from CNS, and this

study reinforces this suggestion and further proposes that the temporal

modules for individual dancers may result in the effective accomplishment
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of the desired task for their own. This study indicates that the temporal

relationship between single muscles and joint coordination is a useful

way to analyze the individual variation in neuromuscular postural control

mechanism.

In addition, dancer 7 showed higher phase transition frequency than

some of the others (Fig 3). The differences between dancers in muscle

activation patterns associated with phase transitions and in the phase

transition frequency might be the outcome of the optimization to mini-

mize energy consumption or stabilize the posture of each dancer. It is im-

possible to experimentally understand the individually optimal postural

control strategies because human postural control is a complex system due

to individually different mechanical components and physiological prop-

erties. Whether the change in control strategies of joint torques, which

assumes different muscle activation patterns, cause variety in postural

stability is currently being investigated in our research by simulation.

Phase transitions and postural stability

Each joint should be controlled during standing to maintain the pos-

tural stability with high COM kept in a small base of support. Sasagawa

et al. (2014) demonstrated that joint coordination affected the COM ac-

celeration during standing. Thus, the temporal phase transitions might

contribute greatly to the postural stability. The characteristics of dancers’

postural control are as follows: 1) although the sway amplitude during

tiptoe standing was not affected by ballet experience (Tanabe et al. 2014),

ballet dancers obviously have superb balance ability compared with non-
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dancers in terms of the postural maintenance duration and the degree

of fatigue, 2) the feature of dancers’ joint coordination during tiptoe

standing was in-phase fluctuations between adjacent joints (Tanabe et

al. 2014), and 3) the phase transitions from anti-phase to in-phase was

more likely to be associated with muscle activities in this study (i.e., there

tended to be more red cross-correlation lines in Fig 4). Thus, dancers’

postural stability can be considered to be dependent partially on the in-

phase joint coordination temporally generated by muscle activities. On

the other hand, the amplitude of muscle activities was not related to

its relationship with phase transitions (Fig 5). This result suggests that

small amplitude of muscle activities will be sufficient to control phase

transitions, giving a biological benefit to postural control from the aspect

of energy consumption, and that the rest of the activities are for other

postural maintenance purposes such as heightening joint stiffness or re-

plying the deviation of current body configuration from the equilibrium.

Small changes in muscle activities have often been neglected in the con-

sideration of muscle activities during whole sampling duration such as

muscle synergies, however, out results in this study suggests the possibil-

ity that muscle activities have some function towards temporal change of

joint fluctuations even if the amplitude is quite small.

In summary, we demonstrated that kinematic phase transition be-

tween anti- and in-phase occurs during tiptoe standing, suggesting that

temporal analysis of joint coordination is essential to understand the pos-

tural control mechanism. More importantly, we observed the cross cor-

relation between phase transitions and EMG activities, indicating that
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phase transitions can be controlled via muscle activities. In addition,

muscles that showed relationship with phase transitions varied individu-

ally and depended on leg configuration, and even small muscle activities

can temporally modulate joint phase transition. Our study is a first step

to investigate the temporal properties of kinematic coordinative strategies

and gives a great insight to the neuromuscular postural control strategy

of the temporal joint coordination.
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STUDY4
Intermittent control of tiptoe standing:

robustness based on joint viscoelasticity

Abstract

Human standing has been recently modeled using an intermittent

feedback control strategy, but its necessity is still controversial because

the model of human quiet standing can also be stabilized with conven-

tional continuous control. Also, it is still unclear whether intermittent

control is necessary for the stabilization of intrinsically unstable tiptoe

standing. In this study, a quadruple inverted pendulum model with inter-

mittent control has been used as a model of human tiptoe standing in the

sagittal plane. The aim of this study was to investigate whether intermit-

tent feedback control is necessary for the stabilization of the human body

during tiptoe standing and to examine the sensitivity of joint viscoelastic-

ity and joint control strategy on postural robustness. We first reproduced

joint fluctuations similar to those of actual human tiptoe standing.

We simulated a motion of the quadruple inverted pendulum model as

each of four links represents metatarsophalangealankle, ankleknee, knee-

hip, and headarmtrunk segments in the sagittal plane during tiptoe stand-

ing. We set three kinds of simulation parameters: three pairs of passive

viscoelasticity coefficients, three kinds of joint control strategies for each

joint (continuous active, intermittent, and no active controls), and two

values of α, which determines the location of the switching boundary for
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intermittent control. We assumed that the active torques are generated

by linear proportional-derivative feedback controllers with delay of 0.2 s.

Among the 480 pairs of parameters, we found 30 pairs that can stabi-

lize the pendulum for more than 60 s, in which the hip must be controlled

intermittently. We also found that each parameter set has different sen-

sitivity to the postural robustness. In conclusion, intermittent feedback

control was necessary for the stabilization of the quadruple inverted pen-

dulum. Also, postural robustness varied by joint control strategies, which

accompanied with the change in kinematic joint coordination.

Introduction

Inverted pendulum model has been used as a method to investigate

human bipedal standing and its control strategy (Peterka 2002; Lakie et

al. 2003; Bottaro et al. 2005; Asai et al. 2009; Suzuki et al. 2012). Al-

though actual human control system is nonlinear, this inverted pendulum

model can be linearized at the vicinity of the equilibrium points because

joint fluctuations are small enough to approximate the coriolis force to

be zero during standing. This simple model allows us to understand the

mechanism underlying experimentally observed phenomena, such as the

difference in joint coordination, and to speculate the robustness of a con-

troller. It has been shown that a multi-segment with multi-input model

is more valid as a model of human quiet standing (Pinter et al. 2008;

Gnter et al. 2009; 2011; 2012).

Human bipedal postural control has been conventionally modeled as

feedback controller based on proportional and derivative feedback (PD
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control) model (Peterka 2000; Masani et al. 2003; Maurer and Peterka

2005). Joint viscoelasticity refers to material properties with spring-like

(elasticity) and damping (viscosity) behaviors, which contributes to body

posture stabilization. The passive stiffness caused by viscoelasticity of

the muscle-tendon-ligament system is insufficient to compete with grav-

itational toppling torque (Loram and Lakie 2002; Casadio et al. 2005).

This leads human upright posture to unstable equilibrium of saddle type

in multi-dimensional state space (spanning angular position and veloc-

ity). The state of the system moves in a phase space converging towards

the equilibrium along stable manifolds but diverging away from the equi-

librium along unstable manifolds as time elapses. Thus, the state of the

system must be controlled actively in the vicinity of the equilibrium to

maintain upright posture.

Many studies have advocated the computational theory of the inter-

mittent control for quiet standing (Bottaro et al. 2005; 2008; Asai et al.

2009; Gawthrop et al. 2011; 2014; Suzuki et al. 2012). The intermittent

feedback control strategy used in this study exploits the fact that the state

point of the system transiently approach to the equilibrium along stable

manifolds that appears during active control is turned off (off-period)

(Bottaro et al. 2008; Asai et al. 2009; Suzuki et al. 2012). This type of

intermittent control produces postural stability by the movements of the

state point along stable manifolds during off-periods and pulling it back

in the vicinity of stable manifolds during on-periods. At this point, this

nonlinear stability during off-periods in this study is different from the

classical concept of stability of a linear system. Such intermittent control
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strategy is biologically plausible from the aspect of energy consumption

for muscle activities and the physiological phenomena of alternate mus-

cle activity which reduce muscle fatigues (Kouzaki and Shinohara 2006).

The paper of Suzuki et al. (2012) used a double inverted pendulum model

with intermittent on/off switching for each joint and it showed that the

change in hip elastic coefficients lead the differences in the stability re-

gion, joint fluctuation amplitudes, and postural control strategy. Thus,

it can be speculated that the intrinsic joint viscoelastic component and

joint control strategy are sensitive to the postural stabilization.

Gawthrop et al. (2011) have mathematically demonstrated that

intermittent control was necessary for the stabilization of human quiet

standing during different postural tasks. Tiptoe standing is intrinsically

unstable compared with quiet standing because of its narrow base of

support and the accompanying decrease in afferent proprioceptive infor-

mation. We can examine the postural control mechanism of inherently

unstable postures through studying tiptoe standing, where base of sup-

port is very narrow and is accompanied with less afferent proprioceptive

information. Metatarsophalangeal (MP) joint must be controlled and

the anatomical properties around MP joint, such as muscles, tendon,

and aponeurosis, are smaller than those around the ankle joint for quiet

standing. In addition, muscle activations are larger during tiptoe stand-

ing and the enhanced muscle co-activation (Tanabe et al. 2012) should

lead the change in joint impedance control for postural stability. In this

study, we aimed to investigate whether intermittent control is necessary

for the stability of tiptoe standing, which intrinsically require different
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control strategy from quiet standing. Computer simulation of a quadru-

ple inverted pendulum as a model of tiptoe standing is also useful to

investigate the changing mechanism of human postural control strategy

because the change in joint coordination through balance training was

observed only for tiptoe standing (Tanabe et al. 2014). If experimen-

tally valid output of joint fluctuations were observed with the simulation

of quadruple inverted pendulum, the generality of the model can be en-

hanced, and we will also be able to estimate the factor of the change

in joint coordination, which can never be understood by experimentally

observing coordinative phenomena.

As a simple motor output out of an infinite number of neuralmus-

cularskeletal control strategies of human movement, many studies have

extracted such joint coordination for human standing (Kuo et al. 1998;

Aramaki et al. 2001; Pinter et al. 2008; Hsu et al. 2013; Kato et al. 2014;

Tanabe et al. 2014), some of which focused on the age-related changes

in joint coordination during quiet standing (Hsu et al. 2013; Kato et

al. 2014) or differences in joint coordination patterns based on expertise

level of balance ability during tiptoe standing (Tanabe et al. 2014). These

studies indicate that joint coordination during standing can adaptively

change according to the neuromuscular aging process or special balance

training. Such investigations of joint coordination as a global aspect of

motor system are essential to understand the postural control mecha-

nism. Also, joint coordination has relationships with the center of mass

(CoM) acceleration (Sasagawa et al. 2014) and the mutual relationship

between the center of pressure (CoP) and CoM (Wang et al. 2014). So
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joint coordination has some function associated with body stabilization.

In this study, we established a computer simulation of a quadruple

inverted pendulum with intermittent feedback control as a model of hu-

man tiptoe standing, which is an intrinsically unstable posture. The aim

of this study was to investigate whether intermittent feedback control is

necessary for the stabilization of the human body during tiptoe standing

and to examine the sensitivity of joint viscoelasticity and joint control

strategy to postural robustness. We first reproduced joint fluctuations

similar to those of actual human tiptoe standing with exploratory se-

lected joint viscoelasticity coefficients. This is also for giving generality

of the intermittent control model of multi-segment inverted pendulum.

Materials and Methods

Ethics statement

All procedures used in this study were in accordance with the Dec-

laration of Helsinki and were approved by the Ethics Committee of the

Graduate School of Human and Environmental Studies at Kyoto Univer-

sity. The approval was based on an appropriate risk/benefit ratio and

a study design wherein the risks were minimized. All procedures were

conducted in accordance with the approved protocol. The individuals

participating in this study has given written informed consent to partic-

ipate in this study and to publish these case details. Informed consent

continued throughout the study via a dialog between the researcher and

participants.
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A quadruple inverted pendulum model

In this study, the motion of a quadruple inverted pendulum mim-

ics the human upright posture of tiptoe standing in the sagittal plane.

The distal end of the lowest segment is fixed in the space by a pin

joint, corresponding to the metatarsophalangeal (MP) joint. A pin joint

also connects each pair of adjacent segments. Four segments of the

model represent MPankle (foot), ankleknee (shank), kneehip (thigh), and

headarmtrunk (HAT) segments, respectively. The model and its defini-

tion of joint angles are shown in Figure 1.

θh

θk

θa

θm

Hip

Knee

Ankle

MP

Figure 1: A quadruple inverted pendulum model. A model for a human
standing tiptoe in the sagittal plane. Each of four links represent foot (MPan-
kle), shank (ankleknee), thigh (kneehip), and HAT segments, from the bottom.
Joint angles were defined as relative angles between adjacent joints except for
joint angle of the MP being relative to the vertical line.

Because the joint angles, θ = [θm, θa, θk, θh], and the corresponding

angular velocities are small during quiet tiptoe standing, the second and

higher order terms can be neglected, leading to the following linearized
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equation of motion for the quadruple inverted pendulum model:

Mθ̈ +Gθ = Q (1)

where M is the inertia matrix, Gθ the gravitational toppling torque vec-

tor, and Q = [τm, τa, τk, τh]
T the joint torque vector. The matrices M and

G are defined in the Supporting Information (A1). Parameter values are

listed in Table 1 for an adult woman with a height of 1.6 m and weighting

55 kg based on our previous experiment and the anthropometric param-

eters of Japanese athletes (Ae et al. 1992).

When we consider the continuous control of inverted pendulum, the

joint torque τi(i = m, a, k, h) is modeled as the sum of passive torque that

is determined mechanically without feedback delay and active torques

determined by the CNS with feedback delay as follows:

τi = Kiθi +Biθ̇i + Piθi∆ +Di
˙θi∆ (2)

where subscript ∆ represents that the state variable include delay which

we consider a physiologically plausible value of 0.2 s that includes sen-

sory transduction, neural processing, transmission, and muscle activation

delays as reported in (Peterka 2002) (we did not consider local feedback

at the spinal level with shorter delay), and θ∆ = θ(t − ∆). The first

two terms on the right hand side of the equation represent passive feed-

back torques with no time delay corresponding to the intrinsic mechanical

impedance of each joint: joint stiffness and damping that we consider to

include tonic muscle activities (not via CNS control) as well as intrinsic

muscle-tendon properties as materials. The third and fourth terms repre-
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sent the active neural feedback torques that are determined as functions

of delay-affected angular displacement and velocity, respectively.

Body mass [kg] 55

Segment length [m] [0.13, 0.35, 0.40, 0.72]

Segment mass ratio [%body mass] [2.2, 10.6, 24.6, 62.6]

Segment center of mass ratio [%] [50.0, 41.0, 45.8, 33.0]

Gyration radius ratio [%] [18.4, 27.5, 28.5, 40.0]

Table 1: Anthropometric parameters of quadruple inverted pendulum. Four
values of each line (except for body mass) are for segment 1 to 4 from the
left. Segment center of mass ratio is with respect to segment length from the
upper end. Gyration radius is relative to frontal (mediolateral) axis and the
presented as percentage of each segment length.

Continuous passive joint torques

The passive joint torques are modeled as linear torsional viscoelastic

elements with passive elastic (Ki) and viscosity (Bi) coefficients. The

passive torques are continuously acting on the joints because they are

generated by intrinsic mechanical properties. We used the three pairs

of viscoelastic coefficients V E{j}(j = 1, 2, 3) to investigate the effect of

passive musculotendinous properties to the joint coordination:

V E{1} =

 (Km, Ka, Kk, Kh) = (0.8, 10, 10, 0.2) ·mgh

(Bm, Ba, Bk, Bh) = (4, 100, 100, 10)
(3)

V E{2} =

 (Km, Ka, Kk, Kh) = (0.8, 8, 8, 0.2) ·mgh

(Bm, Ba, Bk, Bh) = (4, 50, 50, 10)
(4)

V E{2} =

 (Km, Ka, Kk, Kh) = (0.8, 4, 4, 0.2) ·mgh

(Bm, Ba, Bk, Bh) = (4, 20, 20, 10)
(5)
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We set these values by referring to previous studies of quiet standing

(Loram and Lakie 2002; Casadio et al. 2005; Maurer and Peterka 2005;

Bottaro et al. 2008; Asai et al. 2009; Suzuki et al. 2012). We consider

passive joint torques include muscle tonic activities as well as intrinsic

muscletendon properties. Because muscle activity levels are very high

during tiptoe standing compared with those during quiet standing, we set

relatively higher viscoelasticity values particularly for the ankle and knee.

In addition, we set the elasticity values of the hip to be relatively small.

This is because larger elasticity values require larger active feedback gain

(that is, larger gain P), which is liable to cause delay-induced instability.

Regarding the hip viscosity value, Suzuki et al. (2012) set this value to

be 10 for the double inverted pendulum model, so we decided it to be the

same value. Despite setting the exploratory values of viscoelasticity for

the ankle and knee, the model fell down easily with these values at ¡ 20

and 4, respectively.

Active joint torques for intermittent control

As for active joint torques (the third and fourth terms in eq. 2), we

assumed three types of control theories for each joint: continuous-time,

intermittent, and non-active control. Continuous-time control assumes

the continuous active torques generated by linear PD feedback controllers

with proportional (Pi) and derivative (Di) gains and are conveyed with a

feedback delay of ∆ = 0.2 s. Such simple neural controllers have been used

in previous studies based on a single inverted pendulum model (Masani

et al. 2003; Maurer and Peterka 2005; Van Der Kooij and De Vlugt 2007;
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Vette et al. 2010). We set that the equilibrium points of joint angles

and velocities are the origin of the phase plane because we deal with the

divergence of the state point from the actual equilibrium generated by

tonic activities of antagonist muscles. Regarding the active feedback gains

(P and D), Suzuki et al. (2012) set P of the ankle and hip to be 0.4 and

0.6, respectively, and both D gains at 10 for the double inverted pendulum

model of human quiet standing. We first found, in the preliminary study,

that P values for the MP and hip were sensitive to the model stability,

so we set these values based on a previous study by Suzuki et al. (2012).

On the other hand, P values of the ankle and knee were less sensitive

to the stability, thus, we selected arbitrary values, but close those from

previous studies. In addition, although we also tested various D values

ranging from 1 to 100 in the preliminary study, such change in D did not

affect the model stability. Thus, we set the D values of 10 for all joints

(Suzuki et al. 2012). Eight parameters of active feedback gains (Pi and

Di) used in this study were: (Pm, Pa, Pk, Ph) = (0.4, 0.3, 0.3, 0.6)

(Dm, Da, Dk, Dh) = (10, 10, 10, 10)
(6)

On the other hand, non-active control means that no active torque works

throughout the sampling duration (Pi and Di to be zero in eq. 2). In-

termittent control switches the active torque in an event-driven way as

described in the following section. Because we found that the quadruple

inverted pendulum could not be stabilized with continuous-time control

for all joints in the preliminary examination, we investigated eighty pairs
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(= 34 1) of joint control strategies (JCS) in this study.

The active torques were turned on and off by the CNS for the in-

termittent control. That is, when the active torques are turned on, the

motion equation follows the eq. 2 with the viscoelastic parameters of

eq. 3 and active feedback gain of eq. 4, and in the rest case, the third

and fourth terms of eq. 2 is set to be zero. We assume that the switch-

ing surface, which is an on/off boundary of the active control, is based

on stable and unstable manifolds of the system when all of the active

torques are turned off (off model; the dynamics of the uncontrolled sys-

tem). Although this idea of switching surface has not been validated

physiologically, the idea that using the stable manifold of the off model

to stabilize posture can avoid the postural instability due to time lag that

takes for neural control. Hence, this idea gives biological benefits to the

model from the aspect of control efficiency. To decompose the current

state into the components of stable and unstable manifolds, we expressed

eq. 1 as the state space representation:
dy

dt
= Ay

y = [θm, ..., θh, ωm, ..., ωh]
T

(7)

where y is a state variable vector consisted of four joint angles (θ) and

four angular velocities (ω; derivative of eachθ) and A is a state matrix of

off model shown in Supporting Information (A2). After this transforma-

tion (eq. 5), the state space of the system was eight dimensional (deter-

mined by four joint angles and four angular velocities), which we referres

to as θ-ω space. Another state space representation X = [x1,…,x8],
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whose bases are eigen vectors of the system, is obtained from a linear

mapping as follows:

X = V −1y (8)

where V is a transformation matrix from θ − ω space to the new co-

ordinate, which consists of the eight eigen vectors of the state matrix

A. The new coordinate is useful for the intermittent control based on

stable manifolds. The state space discussed in this study comprised a

one-dimensional unstable manifold (whose real part of eigenvalue is posi-

tive, denoted by x1) and a seven-dimensional stable manifold (whose real

part of eigenvalues are negative, denoted by x2 to x8). We assume the

inside of the switching surface (where off model is used) as follows:

|x1| = α
√

|x2|2 + · · ·+ |x8|2 (9)

where α denotes the neighborhood of unstable manifold (the first row of

the V). The intermittent control was turned off (no active torque) when

eq. 7 is satisfied in terms of the dynamics of the uncontrolled system. We

used two α values of 1/30 and 1/50. We found that values α of 1/10 and

1/100 were inappropriate to stabilize the quadruple inverted pendulum

model in our preliminary analysis.

Simulation and analysis

We set the initial angular position [rad] as [θm, θa, θk, θh] = [−0.02, 0.03,

−0.005, 0.01], which is based on joint angle variability of our experimental

data in our previous study (Tanabe et al. 2014), and the angular velocity
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as zero for all joints. We executed computer simulations with some dif-

ferent initial values (even large values that violate the linearization of eq.

1) in the preliminary study, and obtained similar results to those in this

study. We assume that the model was unstable when at least one of the

angles is greater than π/3. Although this borderline of π/3 is outside of

the linearization of eq.1, joint angles that were stable at this borderline

fluctuated asymptotically towards zero (upright position), and thus, this

borderline did not violate the linearization. The stability of the system

can be analyzed mathematically by root loci of the model: the sign of

the real parts of the system coefficient matrix’ ’s eigenvalues represents

the stability of the system. However, calculating eight eigenvalues of the

system with delayed feedback is quite complicated. Instead, we decided

the system to be leading to the equilibrium point insofar as the model

does not fall down for more than 50 s. Thus, we detected the simulation

trial during which the model keeps standing for 50.2 s as the provisional

stability of the model (the additional 0.2 s are for the exclusion of the

initial 0.2 s of data in the subsequent data analysis because no active

torque is generated at this period due to delayed feedback).

Among 480 simulation trials ([VE, α, JCS] = 3·2·80), we searched

the condition to meet the provisional stability of the model and extracted

the pairs of joint control strategy for the postural stability. Then, we

calculated the phase difference between two angular positions of adjacent

joints by the Hilbert transformation to investigate the joint coordination

under a variety of simulation parameters. The Hilbert transformation is

originally introduced by Gabor (1946) and provides a true measurement of
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the instantaneous phase and amplitude for a signal, s(t), via construction

of an analytic signal, ζ(t), which is a complex function of time defined

by:

ζ(t) = s(t) + iH(t) = A(t)eiϕ(t) (10)

where H(t) is the Hilbert transform of s(t), and A and ϕ are the amplitude

and the phase, respectively (Pikovsky et al. 2001). The phase of a signal

represents the angular distance that the signal covered since the time

origin and is obtained by:

ϕ(t) = arctan(iH(t)/s(t)) (11)

The numerical algorithms are available in the standard control design

packages of Matlab; the function hilbert was used to obtain the results of

this paper. The temporal phase transition between two adjacent joints,

that is the continuous relative phase between two joint angle signals, was

obtained by the subtraction of those phase time series. The distribution

of joint coordination is then represented as a histogram of the time series

of relative phase difference.

Thus far, we used the fixed values of active gain parameters (Pi and

Di) to investigate the contribution of passive joint viscoelasticity to joint

coordination. Then we moved the feedback gain parameter Pi for each

joint under some pairs of VE and JCS and examined the range of gain

P that did not lead unstable posture for 50 s. These stability regions of

feedback gain Pi (and Di as well) represents the flexibility for CNS to

control the upright posture; the wider the stability region is, the more

robust the system is. The conditions, under which the stability region of
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each joint’s P was investigated, are shown in the Results section and the

corresponding figures.

Comparison with experimental data

We measured the actual angular displacements of four lower limb

joints during tiptoe standing experimentally from seven female partici-

pants (age = 24.1 ± 5.0 years, height = 160.8 ± 5.1 cm, body mass =

53.0 ± 7.9 kg). All experimental protocols and calculation method of

joint angles are described in our previous study (Tanabe et al. 2014). In

this simulation case, we set all initial angular positions and velocities to

be zero and added Gaussian white noise. The second order equation of

motion is written as the following ordinary delay differential equation:

ẏ(t) = f(y(t), t(t−∆)) + σξ(t) (12)

where, ξ(t) is a normal random process obtained by Matlab function

randn, σ is the corresponding amplitude of 0.001, and ∆ is the feedback

delay time of 0.2s. Even when this white noise was added, the joints fluc-

tuated with small amplitude under the condition for the model’s stability

(see Results in Fig. 6), and therefore again, the stability judgment of π/3

did not violate the linearization.

We performed computer simulation with noise for 30 pairs of simu-

lation variables out of 480, in which inverted pendulum did not fall for

50 s (see Results). We compare the resultant angular displacements of

four joints with those derived from experiment from the aspect of their

amplitude and frequency characteristics. Both simulation and experimen-

119



STUDY4

tal data were down sampled to 1000 Hz and then we calculated power

spectrum for each angular displacement.

Results

Control strategy for model’s stabilization

u JCS{u} alpha VE

1 [ N C C I ]

1/50 VE{1, 2}

2 [ N C N I ]

3 [ N C I I ]

4 [ N N C I ]

5 [ N N N I ]

6 [ N N I I ]

7 [ N I C I ]

8 [ N I N I ]

9 [ N I I I ]

10 [ I C C I ]

1/30 VE{2}

11 [ I C N I ]

12 [ I C I I ]

13 [ I N C I ]

14 [ I I C I ]

15 [ I I N I ]

16 [ I N N I ]
1/30 VE{1}
1/50 VE{3}

17 [ I N I I ] 1/30 VE{1, 2}

18 [ I I I I ]
1/30 VE{2}
1/50 VE{3}

Table 2: Thirty pairs of simulation variables for provisional stability. Index u
is for joint control strategy (JCS). Capital letters ’N’, ’C’, and ’I’ represent the
model is under no active control, continuous control, and intermittent control,
respectively.

We implemented simulations of quadruple inverted pendulum under

480 different conditions (3 pairs of VE, 2 values of α, and 80 pairs of
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JCS) and examined the conditions during which the model were stable for

50.2 seconds (provisional stability in this study) and the four segments’

angles converge to zero asymptotically. We found that the model was

provisionally stable for 30 conditions that are listed in Table 2.

As Table 2 indicates, the quadruple inverted pendulum stabilized

only during hip was controlled intermittently and the MP joint must

be controlled intermittently or passively. There are two findings here:

first, intermittent feedback control is necessary for the stabilization of

the quadruple inverted pendulum (at least the hip must be controlled

intermittently), and second, there seems to be an appropriate switching

surface (that is, the value ofα) depending on joint viscoelasticity and/or

joint control strategies.

Joint coordination and model variables

Next, we investigated joint coordination for the condition during

which the model was stabilized (30 conditions in Table2). The Hilbert

transformation was used to calculate the time series of relative phase

between two adjacent joints, and then its distribution was plotted as a

histogram. The tendencies of joint coordination observed by the his-

togram were investigated for all of the 30 conditions. Figure 2 represents

two examples of relative phase distribution between MP-ankle (black),

ankle-knee (brace), and knee-hip (gray). When the relative phase has

the tendency of distribution around zero-phase bin or pi-phase bin, we

decided the joint coordination to be in-phase or anti-phase, respectively.

Although this is a qualitative classification, the difference between in-
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phase and anti-phase was obvious for most of the conditions (like shown

in Fig. 2). Then we counted the number of parameter conditions for

each joint coordination pattern and calculated its ratio among the thirty

conditions with which the model was stabilized.
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Figure 2: Two examples of phase distribution. Phase difference between two
adjacent joints is separated into ten bins. The sum of each colored bar is 50
s (the whole trial length). Black, brace, and gray bars represent MP-ankle,
ankle-knee, and knee-hip phase distributions, respectively. Each parameter
conditions are shown in the top-right corner of each figure.

The majority of joint coordination (20 conditions; 66.7%) was as fol-

lows: [MP-ankle, ankle-knee, knee-hip] = [in-phase, in-phase, anti-phase]

(shown in Fig. 2 top), followed by [in-phase, anti-phase, in-phase] (3
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conditions; 10%, shown in Fig. 2 bottom) and [in-phase, in-phase, wide-

range distribution] (3 conditions; 10%). The rest of the conditions showed

the following joint coordination: [in-phase, wide-range, wide-range] for

two conditions (6.7%), [anti-phase, in-phase, in-phase] for one condition

(3.3%), and [in- or anti-phase, in-phase, anti-phase] for one condition

(3.3%). Thus, joint coordination was affected by the passive viscoelastic-

ity and/or joint control strategy.

Parameter sensitivity to postural robustness

We also investigated the stability region of feedback gain P for each

joint in which the model can be stabilized with fixed values of K, B,

and D. The wider this region, the wider choice of active feedback gain P

for the CNS, so this region could represent the parameter sensitivity to

postural robustness. Fig. 3 shows the stability region of feedback gain

Pa with JCS{u} of u = [1, 2, 3, 7, 8, 9], α = 1/50, and V E{j} of j =

[1, 2]. The simulation data with JCS{u} of u = [4, 5, 6] were excluded

because the ankle was continuously switched off under these conditions.

The stability region of the ankle gain Pa varied depending on joint control

strategy and viscoelasticity. Smaller viscoelasticity of the ankle and knee

(V E{2}) showed larger size of the region. Also, the stability region tended

to be larger when the ankle was controlled intermittently compared with

the continuous active control of ankle. In addition, the size of the region

tended to be larger when the knee was controlled intermittently or given

no active control (JCS{u}: u = [2, 3, 8, 9]) compared with continuous

control for the knee (JCS{u}: u = [1, 7]).
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Figure 3: Stability region of the ankle gain P for six JCS pairs. Each JCS{u}
corresponds to the ones shown in Table 2. Gray and black bars represent two
different viscoelasticity parameters shown in the top-left corner. The minimum
P value was 0.1 for all conditions.

Fig. 4 shows the stability region of P for the knee (Pk) with JCS{u}

of u = [1, 3, 4, 6, 7, 9] and the same value of α (= 1/50) and V E{1, 2} as

Fig. 3. As with the case of the knee feedback gain, the size of its stability

region was dependent on joint control strategy and viscoelasticity. Also,

the size of the region tended to be larger when the knee was controlled

intermittently (JCS{u}: u = [3, 6, 9]) compared with continuous control

for the knee (JCS{u}: u = [1, 4, 7]). In this case, in contrast, larger

viscoelasticity of the ankle and knee (V E{1}) showed larger size of the

region.

124



STUDY4

8
  

     
6

   

4
  

 
2

 

 

0

34

    
10

40

[1
/m

g
h
]

VE{1}, α = 1/50

P
k

n
ee

1                   3                    4                   6                   7                    9

u for JCS{u}

VE{2}, α = 1/50

Figure 4: Stability region of the knee gain P for six JCS pairs. Each JCS{u}
corresponds to the ones shown in Table 2. Gray and black bars represent two
different viscoelasticity parameters shown in the top-left corner. The minimum
P value was 0.1 for all conditions.

On the other hand, we observed slightly smaller stability region of Pm

and Ph (for the MP and hip, respectively) as shown in Fig. 5, which are

the results of simulations with JCS{u} of u = [10,…, 18] in Table 2 where

both MP and hip were intermittently controlled. These results indicate

that the model parameters of the MP and hip were very sensitive to the

postural stability compared with those for the ankle and knee. There

existed some width of Pm and Ph for all of the nine JCS pairs with only

V E{2}, suggesting that V E{2} is the optimal to obtain the robustness

of the MP and hip among the three VEs. This means that the difference

in viscoelastic coefficients of the ankle and knee affected the robustness

of the MP and hip.
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and bottom figures represent P regions for the MP and hip, respectively. Each
JCS{u} corresponds to the ones shown in Table 2. Gray, black, and brace
bars represent three different pairs of viscoelasticity and alpha shown on the
top.

Comparison with experimental data

Fig. 6 shows examples of angular displacements during tiptoe stand-

ing derived from simulation with noise and experiments. The amplitudes

of each angular displacement for experiments and simulation data were

θexp = [0.02 - 0.1, 0.03 - 0.09, 0.003 - 0.06, 0.02 - 0.15] and θsim = [0.01 -

0.35, 0.004 - 0.03, 0.002 - 0.03, 0.05 - 1.15] [rad], respectively. The scatter

plots of sway amplitude and its standard deviation are shown in a sup-

porting figure (A3). Some simulation data reproduced joint fluctuations

with similar sway amplitude and variability to those from experiment.

The animation of the simulation data (Fig. 6 left) can be available as a

supporting material (A4). The left bottom of Fig. 6 represents the time

series of on/off switching for intermittent control, and the distribution
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of its on interval is shown in Fig. 6 right bottom. The intermittent on-

interval (and off interval as well) was mostly distributed to< 0.02 seconds,

which represent non-physiological high frequency component. There was

another peak for only on-interval around 0.2 0.25 seconds. The power

of these angular displacements is shown in Fig. 7 as logarithmic plots.

The slope of the power spectrum was fitted to a third-order polynomial;

its power law approximated a linear curve (the MP, ankle, and hip) or a

polynomial curve (especially for the knee) for both simulation and exper-

imental data.
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Figure 6: Joint angular displacements for simulation and experimental data.
Left: time series for 50 seconds of the four joints’ angular displacements ob-
tained by simulation with Gaussian white noise. Intermittent switching of the
active torque (on/off) is shown in the bottom. Right: experimentally observed
four joints angular displacements during tiptoe standing for 10 seconds.
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Discussion

The validity of the model

The purpose of this study was to investigate whether intermittent

feedback control is necessary for the stabilization of the quadruple in-

verted pendulum as a model of human tiptoe standing in the sagittal

plane. When we choose joint viscoelasticity parameters in this study,

we set viscoelastic parameters of the MP and hip to be relatively small.

This is because MP torque during tiptoe standing might be smaller, and

because the approximation of the upper body segments into one HAT

segment causes the model to destabilize more easily owing to the absence

of mutual compensation between upper body segments, as is seen in the
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actual human body segments. As a consequence of simulation with the

parameters, which we selected, we obtained joint fluctuations whose am-

plitudes were similar to those from actual experiments (Fig. 6 and 7).

We also calculated CoP location from the MP joint for simulation data.

It was slightly (< 0.5 - 1.5 cm) far from the actual location (about 3 cm

from the MP) but it was entirely inside of the base of support (6 - 7 cm

from the MP for women).

However, there are still some gaps between simulation and experi-

mental data, especially in sway size of the hip (A3). The large sway size

of the hip was obtained with some simulation parameter sets, which is

possible in actual human tiptoe standing but such a large sway will be

generally excluded from experimental data (and probably also by other

researchers for quiet standing tasks) because it does not appear quiet.

Thus, simulation data with a large body sway may reflect such experimen-

tally excluded but practically possible body sway during tiptoe standing.

We should also mention that the behavior of the model was determined

not only by the control system but also by the noise properties, i.e., the

noise can be selected such that the behavior is similar to experimentally

obtained behavior. Although there are limitations to the model valida-

tion, the power law distribution of the simulation data had some degree of

slope (Fig. 7) and it was not white-noise-like non-scaled flat PSD shape.

Thus, the model behavior in this study was not significantly influenced

by the noise.

The reason for the apparently less lowfrequency component of joint

angles for simulation results (Fig. 6) may be that there was no restric-

129



STUDY4

tion for switching frequency. The switching intervals in this study were

mostly distributed < 0.02 s (Fig. 6), which may cause non-physiologically

fast components of joint fluctuations, leading to lower lowfrequency com-

ponents than those which actually occur in humans. The modeling of

intermittent timing strategy needs further investigation; however, we ob-

tained the simulated joint angles similar to those during human tiptoe

standing from the aspect of sway amplitude and power-law distribution.

Although this is a qualitative similarity, we can conclude that we could

partially reproduce joint fluctuations by simulation that is similar to those

of experimental data.

The stability of the model was so sensitive to the joint viscoelastic-

ity that small changes (approximately 1 10 %) caused the large sway of

the inverted pendulum resulting in its falling down. Thus, the gaps with

experimental data may be because of the simplicity of the inverted pen-

dulum model, such as the approximation of the HAT segment or constant

active feedback gain parameters. However, it is still important that we

were able to stabilize the four-dimensional inverted pendulum for under-

standing the complicated human multi-segment postural control mecha-

nism. Also, the essential result here is that simulation parameters used

in this study affected the joint coordination and they were sensitive to

the robustness of the inverted pendulum.

Intermittent control gives a degree of freedom of control strategy to

the motor controller. Human motor performance, such as joint coordi-

nation can change by training or aging. In addition, alternate muscle

activity, which is a neuromuscular level of switching between motor con-
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trol strategies, has been reported experimentally and this phenomenon

reduces mechanical stress or fatigue (Kouzaki and Shinohara 2006). In

addition, there was a peak of distribution of on-interval around 0.2 0.25 s

(Fig. 6), which indicates that active torques were switched off soon after

delay-induced instability (τ = 0.2 s) violates the stability of the model.

As discussed in the following section, this study suggests that the switch-

ing of joint control strategies yielded by intermittent control is one of the

factors that may produce plasticity or conversion of motor performance.

Simulation parameters and body fluctuations

The intermittent feedback control mechanism used in this study

achieves nonlinear stability towards the equilibrium along stable mani-

folds during off-periods. Active control was utilized for pulling the state

point back in the vicinity of stable manifolds and not for directly moving

the state point towards equilibrium. This concept of stability is different

from the classical one for linear system. However, it has recently been

reported that human postural control mechanism adopted this type of

intermittent strategy for the postural control in which antagonist mus-

cle activities were measured (Asai et al. 2013). Although the definition

of human postural stability needs further investigation, we assumed that

this type of intermittent feedback control strategy was useful for acquiring

postural stability of the model.

In this study, the quadruple pendulum with anthropometric param-

eters was stabilized for 30 pairs of parameters (VE, α, and JCS). Hips

should always be controlled intermittently and the MP has to be under
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no active control or intermittent control for all of those 30 stabilized con-

ditions. This indicates that intermittent control was necessary at least

for the hip control, which is an important finding to validate the need for

intermittent control. Inside of the switching surface (when the current

state’s components of stable manifolds are dominant), we assumed the

active torque to be zero, which is termed zero control (Gawthrop et al.

2014). Someone may imagine that zero control means all muscles associ-

ated with the sway of each joint have zero activation and that zero control

is unrealistic. However, we should emphasize here that we consider the

passive torque in our model to be involved in not only intrinsic stiffness

and damping properties but also tonic muscle activities that are not re-

lated to the closed feedback loop, which are not influenced by equilibrium

feedback loop.

The simulation parameter α in this study represents the switching

surface of intermittent control, and the value range of α means the re-

gion of switching surface that stabilize the pendulum. We found that

there were upper and lower limits of α that includes the values used in

our simulations (α of 1/30 and 1/50) and this region of switching sur-

face. Also, the region of switching surface was slightly shifted depending

on viscoelasticity and joint control strategy (Table 2). Therefore, these

results suggest that the region of switching surface might vary individu-

ally because of inherent viscoelastic properties and that it is possible to

change the region of switching surface by learning different joint control

strategies to accomplish the desired task.

Joint coordination during standing has plasticity and training could
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change ankleknee joint coordination during tiptoe standing from in-phase

to anti-phase (Tanabe et al. 2014). The ankle-hip anti-phase relation-

ship was reduced during quiet standing, as a result of aging (Kato et al.

2014). A majority of joint coordination in our simulation was [MPankle,

ankleknee, kneehip] = [in-phase, in-phase, anti-phase] (71 %) or [in-phase,

anti-phase, in-phase] (16 %). The former coordination pattern is consis-

tent with our experimental data (Tanabe et al. 2014). Although we

were not able to find any regularity in the relationship between joint co-

ordination patterns and simulation parameters, our results suggest that

the changes in passive joint viscoelasticity or active joint control strat-

egy, through training or aging, might be factors of the plasticity of joint

coordination during human bipedal standing.

Parameter sensitivity to the robustness of the model

We investigated the parameter sensitivity to the robustness of the

model by the stability region of active gain parameters P as degrees of

CNS flexibility for postural control. Asai et al. (2009) and Suzuki et al.

(2012) demonstrated the difference in the area of this stability region (in

PD coordinate system) depending on the location of switching boundary

and passive hip stiffness, respectively. Our study further revealed that

joint control strategies (intermittent, continuous, or only passive) could

affect the robustness of the inverted pendulum model. This implies the

possibility that humans can acquire the stability of tiptoe standing via

learning not only the optimal switching boundary but also the optimal

joint control strategy, which leads our postural control strategy to more
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robust manner.

Fig. 3 showed that the stability region of Pa varied depending on

joint control strategies and passive joint viscoelasticity. First, the smaller

viscoelasticity of the ankle and knee showed the larger Pa stability region

(black vs. gray bars for each JCS). However, extremely small viscoelastic-

ity intimidated the stability of the inverted pendulum, and the Pa stabil-

ity region was actually smaller for the smallest viscoelasticity parameters

(V E{3}), suggesting that an optimal viscoelasticity could maximize the

stability region, and that the joint robustness varies individually depend-

ing on his or her joints’ viscoelastic properties. In addition, the Pa stabil-

ity region tended to be larger when the ankle was controlled intermittently

rather than by continuous control (JCS{[1, 2, 3]} vs. JCS{[7, 8, 9]}). It

also tended to be large when the knee was controlled intermittently or

with no active control (JCS{[2, 3, 8, 9]} vs. JCS{[1, 7]}). Although it

might be difficult to change passive joint viscoelasticity properties to ac-

quire greater robustness, it may be possible to enhance the robustness by

optimizing the joint control strategy through training. The fact that in-

termittent control leads to more robust posture might support the biolog-

ical plausibility of the intermittent control model for multi-link inverted

pendulum as a model of human standing.

The result of Pk region (Fig. 4) will reinforce the discussion above.

The Pk region was also dependent on joint control strategy and viscoelas-

ticity; the size tended to be large when the knee was controlled intermit-

tently, and the larger viscoelasticity of the ankle and knee led the larger

stability region. Again, there might be optimal viscoelasticity for each
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mechanical body configuration, and we can maximize the robustness by

learning the optimal joint control strategy and switching boundary de-

pending on our own joint viscoelasticity. Also, the viscoelasticity of the

ankle and knee affected their P regions mutually: the control strategy

of the knee affected the ankle robustness, and vice versa. This is an

interesting result that mathematically showed the interaction between

multi-segments involving mutual robustness.

On the other hand, the size of Pm and Ph stability regions are consid-

erably small (Fig. 5), suggesting that the proportional gains for the MP

and hip joints were limited to acquire the stability of these joints. The

small size of Pm might be because the MP is the lowest joint; its fluctu-

ation affects all the joints above it. Table 2 shows that we can choose no

active control for the MP joint apart from intermittent control. There-

fore, it would be reasonable not to control MP joint actively rather than

exerting intermittent control by carefully selecting its feedback gain pa-

rameter. On the other hand, the HAT segment is almost half the length

of the human body and thus, the location of HAT segment’s center of

mass might be high enough to destabilize the body at the hip joint, with

a small change in active gain parameters. There is no choice to control

the hip intermittently for the stability of the inverted pendulum (Table

2). Thus, CNS should select an appropriate Ph value rigorously according

to the other joints’ viscoelasticity, switching boundary, and joint control

strategies. Our result suggests that most of the attention among the four

joints should be given to the hip to control tiptoe standing.
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Conclusion

In this study, we were able to generate fluctuations of quadruple in-

verted pendulum that are similar to those of four lower limb joints during

tiptoe standing. We conclude that the intermittent feedback control was

necessary for the stabilization of the quadruple inverted pendulum as a

model of human tiptoe standing, which is an intrinsically unstable pos-

ture. At least the hip control must be controlled intermittently. Further-

more, changes in joint viscoelasticity and joint control strategies affect

postural robustness accompanying the change in joint coordination. This

study also provides an insight for the improvement of the performance of

tiptoe standing from the aspect of postural robustness.
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Appendix

A1. Model definition

M11 = I1 + I2 + I3 + I4

+ r21m1 + l21m2 + 2l1m2r2 + r22m2

+ l21m3 + 2l1m3l2 + 2l1m3r3 + l22m3 + 2r3m3l2 + r23m3

+ l21m4 + 2l1m4l2 + 2l1m4l3 + 2l1m4r4 + l22m4

+ 2l2m4l3 + 2l2m4r4 + l23m4 + 2r4m4l3 + r24m4

M12 = I2 + I3 + I4

+ l1m2r2 + r22m2

+ l1m3l2 + l1m3r3 + l22m3 + 2l2m3r3 + r23m3

+ l1m4l2 + l1m4l3 + l1m4r4 + l22m4

+ 2l2m4l3 + 2l2m4r4 + l23m4 + 2r4m4l3 + r24m4

M13 = I3 + I4

+ l1m3r3 + l2m3r3 + r23m3

+ l1m4l3 + l1m4r4 + l2m4l3 + l2m4r4 + l23m4 + 2r4m4l3 + r24m4

M14 = I4 + l1m4r4 + l2m4r4 + l3m4r4 + r24m4

M21 = I2 + I3 + I4

+ r2m2l1 + r22m2

+ l2m3l1 + l22m3 + r3m3l1 + 2r3m3l2 + r23m3

+ l2m4l1 + l22m4 + 2l2m4l3 + 2l2m4r4

+ l3m4l1 + l23m4 + r4m4l1 + 2r4m4l3 + r24m4

M22 = I2 + I3 + I4

+ r22m2

+ l22m3 + 2l2m3r3 + r23m3
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+ l22m4 + 2l2m4l3 + 2l2m4r4 + l23m4 + 2r4m4l3 + r24m4

M23 = I3 + I4

+ l2m3r3 + r23m3

+ l2m4l3 + l2m4r4 + l23m4 + 2r4m4l3 + r24m4

M24 = I4 + l2m4r4 + l3m4r4 + r24m4

M31 = I3 + I4

+ r3m3l1 + r3m3l2 + r23m3

+ l3m4l1 + l3m4l2 + l23m4 + r4m4l1 + r4m4l2 + 2r4m4l3 + r24m4

M32 = I3 + I4

+ r3m3l2 + r23m3

+ l3m4l2 + l23m4 + r4m4l2 + 2r4m4l3 + r24m4

M33 = I3 + I4

+ r23m3 + l23m4 + 2r4m4l3 + r24m4

M34 = I4 + r4m4l3 + r24m4

M41 = I4 + r4m4l1 + r4m4l2 + r4m4l3 + r24m4

M42 = I4 + r4m4l2 + r4m4l3 + r24m4

M43 = I4 + r4m4l3 + r24m4

M44 = I4 + r24m4

G11 = −g(r1m1 + l1m2 + l1m3 + l1m4 + r2m2

+ l2m3 + l2m4 + r3m3 + l3m4 +m4r4)

G12 = −g(r2m2 + l2m3 + l2m4 + r3m3 + l3m4 +m4r4)

G13 = −g(r3m3 + l3m4 +m4r4)

G14 = −gm4r4

G21 = −g(r2m2 + l2m3 + l2m4 + r3m3 + l3m4 +m4r4)

G22 = −g(r2m2 + l2m3 + l2m4 + r3m3 + l3m4 +m4r4)
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G23 = −g(r3m3 + l3m4 +m4r4)

G24 = −gm4r4

G31 = −g(r3m3 + l3m4 +m4r4)

G32 = −g(r3m3 + l3m4 +m4r4)

G33 = −g(r3m3 + l3m4 +m4r4)

G34 = −gm4r4

G41 = −gm4r4

G42 = −gm4r4

G43 = −gm4r4

G44 = −gm4r4

where Ii, mi, li, and ri represent the ith segment’s inertia moment of

around the distal end, the mass, the length, and the length between the

distal end and center of mass, respectively.

A2. First order differential equation of off model

The passive joint torque in the motion equation (eq. 1) can be rep-

resented as follows:

Q = −[diag(K) diag(B)] · y

where K and B are vectors of elastic and viscosity components, respec-

tively, and y is the state variable vector consisted of four joint angles and

four velocities (eq. 5 in Sect. 2.3). The expression diag(v) is a diagonal

matrix composed by vector v.

Therefore, the motion equation (eq. 1) with no active torque (off

model) can be written as a following eight-dimensional ordinary first order

139



STUDY4

differential equation:E O

O M

 ·
dy

dt
=

 O E

−diag(K) +G −diag(B)

 · y

where E is a 4-by-4 unit matrix. This elicits the coefficient matrix A in

eq. 5 as follows:

A =

E O

O M


−1  O E

−diag(K) +G −diag(B)



A3. Scatter plots of sway amplitude and its standard deviation

for the comparison between simulation and experimental data.
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Figure A3: Left and right figures represent sway amplitude and its standard
deviation (variability) of the four joints, respectively, from experiment (blue;
35 trials from 7 subjects) and simulation (red; 30 conditions in Table 2 with
three different white noise; 90 trials in total).
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STUDY5
Phasic muscle activation and its function:

Intermittent feedback control

of quiet standing

Abstract

Human upright posture is controlled both passively and actively for

resisting against the gravitational toppling torque that expose to the

body, which is mechanically leaning forward during quiet standing. Ac-

tive feedback control via the central nervous system includes intermittent

system, which plays an important role to the stabilization dynamics in

the vicinity of the equilibrium. However, it is still unknown the inter-

mittent control strategy at the muscular level, and the functions of inter-

mittent muscle activity to control input (i.e., torque generation). Thus,

in this study, we investigated the relationship between timing of inter-

mittent muscle activity and joint fluctuation (i.e., location of the state

point in the phase space) and between intermittent muscle activity and

joint torque output. Eight healthy male participants stood quietly on the

force platform for 120 sec, while we measured angular displacements and

joint torque of the ankle, knee, and hip in the sagittal plane. Surface

electromyography from six leg muscles of both legs were also recorded

to determine phasic muscle activation (on-period) and inactivation (off-

period) for each muscle by using two low-pass filters. We found that mus-

cle activation and inactivation periods related to the current joint position
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and velocity, and that intermittent muscle activities were associated with

torque fluctuations in anatomical action direction. These results sug-

gested that intermittent muscle activation/inactivation are triggered by

the state point location in the phase space, leading to joint actuation

via torque generation along with anatomical action direction, which is a

function of intermittent muscle activity.

Introduction

Human multi-joint body is controlled both passively and actively

to maintain upright posture, which is mechanically leaning forward and

is always exposed to gravitational force. The passive stiffness caused

by joint viscoelasticity of the muscle-tendon-ligament is insufficient to

compete with the gravitational toppling torque during quiet standing

(Loram and Lakie 2002a; Casadio et al. 2005). This leads human upright

posture to be an unstable equilibrium of saddle type in multi-dimensional

state space, in which the state point converges to the equilibrium along

stable manifolds and diverges away from the equilibrium along unstable

manifolds as time elapses. Therefore, human bipedal standing should

be actively controlled through integrated sensory cues from the visual,

vestibular, and somatosensory systems (Peterka 2002).

Generally, human motor control systems must include continuous

and intermittent processes incorporating discrete switching. Continu-

ous systems integrate visual, vestibular, and somatosensory information,

represented by the spinal and transcortical reflexive pathways, and pro-

vide high-bandwidth feedback at short latency (Brookes 1986; Rothwell
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1994; Pruszynki and Scott 2012). Intermittent systems exist within the

basal ganglia, prefrontal cortex, and premotor cortex and provide low-

bandwidth feedback at longer latency (Redgrave et al. 1999; Cisek and

Kalasla 2005; Dux et al. 2006). In the context of human bipedal standing,

continuous system, involving muscle spindle and Goldi tendon organ feed-

back, provide tonic equilibrium joint moments via tonic stretch reflexes

(Sherrington 1947) and partial dynamic stabilisation in the unstable state

space (Marsden et al. 1981; Fitzpatrick et al. 1996; Loram and Lakie

2002a,b). However, the continuous control strategy itself is insufficient to

regulate the dynamics of the postural system (Marsden et al. 1981), and

intermittency of the postural control mechanism plays an important role

to the stabilization dynamics in the vicinity of the equilibrium.

Regarding the control mechanism of such unstable postural system,

impedance control, which resists destabilizing motion by regulating co-

activation levels of antagonist muscles, has been proposed in the field of

neuroscience (Hogan 1984; 1985). The CNS stabilizes unstable dynamics

by learning optimal impedance, in which antagonist muscles co-activate

in a preprogrammed manner (Burdet et al. 2001; Franklin et al. 2007).

Such a feed-forward, non-reactive control decreases a risk of delay-induced

instability and enhances the robustness to internal or external perturba-

tions. However, this strategy has a trade-off that increasing impedance

causes high metabolic cost consumed by muscle co-activations. This is

critical for maintaining postural stability as a fundamental human activ-

ity (Weyand et al. 2009). Internal model could optimize such trade-off for

modulating the relation between motor command and movement during

143



STUDY5

human bipedal standing (Gomi and Kawato 1993; Morasso et al. 1999).

Asai et al. (2013) demonstrated that some of their participants

adopted a discontinuous, intermittent strategy for a virtual pendulum-

balancing task using an EMG-based human-computer interface. They

observed ”on-periods” and ”off-periods” in the antagonist muscle acti-

vations, which represent muscle activation and inactivation, respectively,

among phasic component of EMG signals. The extraction methodology

used in their study has possibility to investigate the direct relationship

between intermittent muscle activities and joint motion/torque output,

however, their experimental task was far from natural quiet standing

(i.e., it was based on postural control of a inverted pendulum only with

two shank muscles) and only two muscles were examined. Nomura et

al. (2007) have reported the methodology that decomposes EMG signals

from soleus muscle during quiet standing into tonic and phasic, intermit-

tent components by using two low-pass filtering, and this methodology

may be applied to extract intermittent activations of other muscles.

Joint movement during quiet standing shows stochastic fluctuation,

which is unavoidable during postural fixation. Whether these stochas-

tic, intermittent fluctuations have any functional role has been being

attention (Stephen and Mirman 2010; Engbert et al. 2011). Because

multi-joint of the body is actuated by muscle activities, the nature of the

function of intermittency of joint fluctuations could exist in the intermit-

tent muscle activities and emerge as a torque output that is a control

output of postural control feedback loop. Therefore, in this study, we

aimed to elucidate the origin and function of intermittent muscle activity
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during quiet standing. To do so, we investigated the relationship between

timing of intermittent muscle activity and joint fluctuation (i.e., location

of the state point in the phase space) and between intermittent muscle

activity and joint torque output.

Materials and Methods

Ethics statement

All procedures used in this study were in accordance with the Dec-

laration of Helsinki and were approved by the Ethics Committee of the

Graduate School of Human and Environmental Studies at Kyoto Univer-

sity. The approval was based on an appropriate risk/benefit ratio and

a study design wherein the risks were minimized. All procedures were

conducted in accordance with the approved protocol. The individuals

participating in this study has given written informed consent to partic-

ipate in this study and to publish these case details. Informed consent

continued throughout the study via a dialog between the researcher and

participants.

Experimental protocol and measurement

Eight healthy males (age, 22.3 ± 1.7 year; height, 170.9 ± 7.9 cm;

body mass, 63.5 ± 5.7 kg) participated in this study. None of the par-

ticipants had a significant medical history or signs of gait, postural, or

neurological disorders, and no one had vision problems.

Participants were instructed to stand quietly with their eyes open and

to look at a fixed point on a plain wall about 1.5 m ahead of them. They
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stood on a force platform (EFPA1.5kNSA13B, Kyowa, Tokyo, Japan)

and kept standing for 120 sec. We collected five trials data for each par-

ticipant with sufficient rest between trials (about a few minutes). Partici-

pants held their arms comfortably by their sides with their feet were stuck

together. One split (600 g) was strapped to the back of the participant

at the forehead, chest, and pelvis for ensuring correct triple inverted pen-

dulum model approximation of quiet standing by allowing joint motions

to occur around the ankle, knee, and hip joints. Although this restriction

could disturb the natural characteristics of quiet standing, we used it to

measure the motion of a three-segmented body without ambiguity.

Joint motion data was obtained with a three-dimensional (3D) opti-

cal motion capture system (OptiTrack V100:R2; NaturalPoint, Corvallis,

OR) composed of twelve infrared cameras in a semicircular arrangement.

Spherical reflective markers, 13 mm in diameter, were affixed to the lat-

eral side of fifth metatarsophalangeal (MP), ankle (lateral malleolus),

knee (lateral condyle of femur), hip (greater trochanter), anterior supe-

rior iliac spine (ASIS), and shoulder (acromion) on the both sides of the

participants ’body. We also placed one reflective marker on the refer-

ence point of the force platform to make coordinate system of the platform

agree with that of motion capture system. The kinematic signals were

sampled at a rate of 100 Hz and stored on the hard disk of a personal

computer for later off-line analysis.

Surface electromyography (EMG) from the skin surface over the rec-

tus femoris (RF), long head of biceps femoris (BFL), medial gastrocne-

mius (MG), lateral gastrocnemius (LG), soleus (SOL), tibialis anterior
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(TA) were recorded from both legs with Ag-AgCl electrodes of 5 mm

and an interelectrode distance of 20 mm. To minimize the cross talk be-

tween adjacent muscles, we first ascertained the location of the abdomen

of each muscle by using an ultrasound method for attaching electrodes.

After careful shaving and abrasion of the skin, the electrodes were placed

over the abdomen of muscles. The reference electrode for EMG was

placed over the lateral malleolus of left leg. The electrodes were con-

nected to a preamplifier and a differential amplifier with a bandwidth

of 5-1000 Hz (MEG6116M, Nihonkohden, Tokyo, Japan). All EMG sig-

nals were stored with a sampling frequency of 2000 Hz on the hard disk

of a personal computer using a 16-bit analog-to-digital converter (Pow-

erLab/16SP, ADInstruments, Sydney, Australia). Data processing was

done with Matlab (MathWorks, USA).

Data analysis

Time series of kinematics data (each marker data) and the displace-

ment of center of pressure (CoP) from the MP joint of 120 sec were passed

through a second-order Butterworth low-pass filter with cutoff frequency

of 20 Hz (filtfilt function in the Matlab signal processing toolbox). The

standing body was modeled as a triple inverted pendulum consisting of

three rigid segments, i.e., shank, thigh, and head-arm-trunk (HAT). The

coordinates of the MP, ankle, knee, and top end of HAT were deter-

mined by the middle points of markers affixed on the both sides of the

MP, ankle, knee, and shoulder, respectively. Coordinate of the hip was

calculated by using the maker location data of greater trochanter and
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ASIS (Kurabayashi et al. 2003). We then computed the segment lengths

(MPankle, ankleknee, kneehip, and HAT) and joint angles (qa, qk, and

qh, where subscripts ’a’, ’k’, and ’h’ stand for the ankle, knee, and hip,

respectively) in the sagittal plane. The angular velocities and angular

accelerations were computed by numerically differentiating the angular

displacement data with a three-point central difference formula (Winter

1990). Joint torques (Ta, Tk, and Th) were calculated by inverse dynamics

using vertical grand reaction force. The calculation procedures for joint

angles and torques are presented in Appendix A. Joint angles and torques

were defined as positive in extension.

All EMG signals were first numerically rectified and processed by

the second order Butterworth low-pass filter with a cutoff frequency of

12 Hz (iEMG). We determined phasic on/off switching of muscle activity

(activation/inactivation) from EMG data by using two low-pass filtered

EMG signals, each of which represents phasic/tonic component of mus-

cle activations based on Asai et al. (2013). The second order Butter-

worth low-pass filter with a cutoff frequency of 0.02 Hz was applied to

all iEMG signals to obtain trend curves, which represent tonic muscle

activity components. This cutoff frequency of 0.02 was selected based on

the following two reasons. First, the cross-correlation between the center

of mass (CoM) and low-pass filtered EMG of SOL during quiet standing

was the highest when its cutoff frequency ranged between 0.02 and 0.06

Hz (Nomura et al. 2007). Second, the findings in this study were not

affected by this cutoff frequency when we changed it to 0.01 or 0.05 Hz.

We also obtained smoothed iEMG signals by applying the second order
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Butterworth low-pass filter with a cutoff frequency of 2 Hz. We assumed

that the trend curve subtracted from these smoothed iEMG signal rep-

resents phasic muscle activation. If the smoothed iEMG was above the

trend curve for a time interval, we considered that the muscle activity was

high in that interval. In this way, we obtained time intervals in which the

muscle activity was high. Then, for each interval with high muscle ac-

tivity, we further computed the maximum value of the smoothed iEMG.

If half of the maximum value was greater than the trend curve, it was

defined as the threshold of the interval. Otherwise, the trend curve itself

was defined as the threshold of the interval. We determined the threshold

curve by performing this procedure for every interval with high muscle

activity.
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Figure 1: Muscle activation/inactivation (on/off) discrimination. Sample
EMG signal is shown. Gray plot represents 12 Hz low-pass filtered EMG
signal after full wave rectification. Dark blue plot is a trend curve, which is
0.02 Hz low-pass filtered EMG signal. 2 Hz low-pass filtered iEMG signal is
consisted of red and light blue curves, which represent muscle activation and
inactivation, respectively.

An example of on/off periods determined by a single iEMG signal is shown
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in Figure 1. We believe that this cutoff frequency of 2 Hz was validate

for detecting phasic muscle activations because the shape of each on/off

period was mainly unimodal or bimodal, representing a fact that we could

successfully extract each on/off period as a single smooth curve.

We then investigated the information that triggers muscle phasic

on/off switching by dividing the dynamics (time history) of a state point

in the phase planes of ankle, knee, and hip joints into on and off periods

for each 12 muscles. We call these areas as on area and off area, and

an example is shown in Figure 2. Each on/off area was fit into a second

order mixed Gaussian distribution for every muscle (Fig 2, middle), and

we plotted their centers in the phase planes for all trials (Fig 2, right). In

the same way, we examined the distribution of on/off area in the torque

plane of the ankle, knee, and hip (torque vs. torque velocity) for each

muscle by fitting them to mixed Gaussian distributions and calculated

their centers.

●

●
Center of each Gaussian dist.
Center of two Gaussian dist.

Fitting to 2    order
Gaussian distribusionON

area

OFF
area MG

LG

Comparison of the center
between ON/OFF area 

nd

RF
BFL

Figure 2: Mixed Gaussian distribution fitting of on/off area. Left: sample
distribution of on/off area during a 120-sec trial. Middle: Example of a mixed
(2nd order) Gaussian distribution. Two red points and one blue point represent
each center of two Gaussian distributions and their center, respectively. Right:
examples of the distribution of on/off centers in the knee torque plane for five
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trials of one participant. Symbols of +, ○, △, and ☆ were for on/off area of
MG, LG, RF, and BFL, respectively. Red and blue symbols represent on and
off area centers for each muscle, respectively.

We further investigated the similarity between actual dynamics of

state point based on phasic on/off muscle activities and dynamics in the

phase space of a triple inverted pendulum without active feedback control.

In the concept of intermittent feedback control strategy (e.g. Asai et al.

2009), the state point is assumed to move towards the equilibrium along

stable manifolds during off period, and to run counter to the dynamics

and go back in the vicinity of stable manifolds when it is diverging away

from the equilibrium along unstable manifolds during on period. The

motion of a triple inverted pendulum mimics the human upright posture

in the sagittal plane during quiet standing in this study. Three segments

of the pendulum represent shank, thigh, and head-arm-trunk segments.

The motion equation of the triple inverted pendulum can be linearized as

follows because joint angles and velocities are small during quiet standing,

allowing us to neglect the second and higher order term:

Mθ̈ +Gθ = T (13)

where θ is a joint angle vector, M the inertia matrix, Gθ the gravitational

toppling torque vector, and T the joint torque vector. Eq. 1 can be

expressed as the state space representation:

dx/dt = Ax (14)

where x is a state variable consisted of three joint angle (θ) and three

angular velocities (ω): x(t) = (θ(t), ω(t))T at a time instant t, and A is a
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state matrix of off period (without any active feedback control). Matrices

M and G in eq. 1 determine state matrix A, and they were calculated

by using Japanese anthropometric parameters shown in Table 1 (Ae et

al. 1992). The definitions of these two matrices and the state space

representation of the motion equation are described in Appendix B. The

eigen values and eigen vectors of state matrix A determine the dynamics

of the state point in the phase space. The pendulum should be governed

by the saddle type vector field defined by Ax without any control input.

As a parameter of similarity between the dynamics of a triple inverted

pendulum and actual dynamics of state point from experiment data, we

calculated directional cosine (DC) during a course of 120 sec of quiet

standing as follows:

DC =
vexp(t) · vsaddle(t)
|vexp(t)||vsaddle(t)|

(15)

where vexp(t) is defined as x(t+∆)x(t) for experimentally obtained data

and vsaddle(t) is Ax(t) (Bottaro et al. 2008). The numerator is the inner

product of vexp(t) and vsaddle(t). We set ∆ to be 0.1 sec in this study.

Notice that if the actual movement of state point follows the dynamics of

the phase space of saddle type, DC would become unity. In this study,

we calculated DC at every event of on-point (at instant from off to on

period) and off-point (on to off period) for each trial and made it into

a histogram to investigate the similarity between the dynamics of phase

space of saddle type and actual behavior of state point.
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Body mass [kg]
for each subject

Segment length [m]

Segment mass ratio [%body mass] [10.2, 22.0, 67.8]

Segment center of mass ratio [%] [40.6, 47.5, 49.3]

Gyration radius ratio [%] [27.4, 27.8, 34.6]

Elastic component [Ka, Kk, Kh] [0.8, 0.5, 0.5]· mgh

Viscosity component [Ba, Bk, Bh] [4, 10, 10]

Table 1: Anthropometric parameters of a triple inverted pendulum. Three
values of each line (except for body mass and segment length) are for shank,
thigh, and HAT segments from the left. Segment center of mass ratio is with
respect to segment length from the upper end. Gyration radius is relative to
frontal (mediolateral) axis and the presented as percentage of each segment
length.

Statistical analysis

To determine the distribution of the center of mixed Gaussian dis-

tribution in the phase plane or torque plane, we conducted one sample

t-test for coordinates (angular displacement/torque and angular veloc-

ity/torque velocity) of on/off area centers from five trials for each muscle.

Significant levels of differences between five-sample data and zero value

(i.e. significant distance from x or y axis) were tested using ttest in the

statistical toolbox of Matlab. The statistical significance threshold was

set at p = 0.05.

Results

Switch timing: on/off area in the phase plane

We calculated the center of mixed Gaussian distribution for each

on/off area in the phase plane to investigate the trigger information be-

tween muscle activation and inactivation. Figure 3 shows 80 samples
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(from 8 subject of 5 trials, both legs) of on-area center (red) and off-area

center (blue) for each muscle in the phase planes of the ankle (top), knee

(middle), and hip (bottom) joints. Gastrocnemius muscles (MG and LG)

tended to activate when the state point located in dorsiflexion of the ankle

and extension of the knee and to inactivate when it located in planter-

flexion of the ankle and flexion of the knee. Similarly, SOL activation and

inactivation tended to occur when the state point located in dorsiflexion

and planterflexion of the ankle, respectively. In contrast, TA activated

and inactivated when the ankle had position and velocity in planterflex-

ion and dorsiflexion, respectively. RF and BFL also tended to activate in

knee flexion and extension, respectively, and to inactivate vice versa. In

addition, although triceps surae muscles do not directly (anatomically)

actuate the hip joint, their on/off area was isolated in the hip phase plane,

and they activated and inactivated when the hip fluctuated in backward

and forward, respectively.
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Figure 3: Centers of on/off area in the phase planes. Red and blue plots
represent on and off area centers, respectively, of five trials from eight par-
ticipants’ both legs (80 samples in total for each figure). Top, middle, and
bottom figures show distributions in the phase planes of the ankle, knee, and
hip, respectively.
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We further conducted one sample t-test on the five-trial data of on/off

area center coordination in the phase plane (angular position and veloc-

ity) to evaluate the key information to muscle phasic activation/inactivation

for each participant. Table 2 4 shows such on/off trigger information

(angular position, velocity, or both), which was determined by statistical

divergence from the x- and y- axes, in the phase planes of the ankle, knee,

and hip, respectively. Although there were individual variation and lat-

erality in the trigger information (position, velocity, or both), in general,

each muscle activated when the state point located in anatomically oppo-

site area in the phase plane and inactivated when it is in the anatomical

action direction.

ON OFF

θ+ θ− ω+ ω− 1st 3rd θ+ θ− ω+ ω− 1st 3rd

MGL 1678 3 45 168 37 45

LGL 3 246 58 (7) 3 2467 58

SOLL 138 4 256 138 4 256

TAL (5) 12 (5) 21

RFL (5) (4) (238) (1) (5) (238)

BFLL (5) (238) (5) (238)

MGR 48 23 1 4 2 1

LGR 346 12 46 12

SOLR 46 3 (8) 12 46 (8) 3 12

TAR (4) 58 1 8 (7) 1

RFR (4) (128) (4) (128)

BFLR (23) (8) (4) (23) (7) (8)

Table 2: Distributions of on/off area centers in the ankle phase plane. Distri-
butions of on/off area centers (both θ and ω) were tested by one-sample t-test
for five samples of each participant. Subject numbers are shown separately
depending on their distributions of on/off area centers for each muscle: only
angular position is statistically apart from zero and its sign is positive (θ+)
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or negative (θ－), only angular velocity is statistically apart from zero and its
sign is positive (ω+) or negative (ω－), the centers are statistically apart from
the origin; the 1st or 3rd quadrant. The subject numbers inside of parentheses
represent anatomically opposite direction of on/off timing (that is, anatomi-
cal action direction for on-area centers and vice versa for off-area centers) or
anatomically irrelevant muscle for the ankle oscillation.

ON OFF

θ+ θ− ω+ ω− 1st 3rd θ+ θ− ω+ ω− 1st 3rd

MGL 2 34 17 25 34 17

LGL 2 46 137 2 46 137

SOLL (2347) (1) (2347) (1)

TAL (47) (2) (47)

RFL 5 1237 1237

BFLL 8 46 25 8 46 25

MGR 38 2457 368 2457

LGR 2568 1347 258 1347

SOLR (257) (1348) (257) (1348)

TAR (8) (3) (8) (3)

RFR 1237 4 12357 4

BFLR 6 (5) 12 4 (5) 6 12

Table 3: Distributions of on/off area centers in the knee phase plane. Distri-
butions of on/off area centers (both θ and ω) were tested by one-sample t-test
for five samples of each participant. Subject numbers are shown separately
depending on their distributions of on/off area centers for each muscle: only
angular position is statistically apart from zero and its sign is positive (θ+)
or negative (θ－), only angular velocity is statistically apart from zero and its
sign is positive (ω+) or negative (ω－), the centers are statistically apart from
the origin; the 1st or 3rd quadrant. The subject numbers inside of parentheses
represent anatomically opposite direction of on/off timing (that is, anatomi-
cal action direction for on-area centers and vice versa for off-area centers) or
anatomically irrelevant muscle for the knee oscillation.
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ON OFF

θ+ θ− ω+ ω− 1st 3rd θ+ θ− ω+ ω− 1st 3rd

MGL (24) (6) (34)

LGL (246) (3) (5) (7) (24) (3)

SOLL (234) (6) (1) (234) (6)

TAL (6) (6)

RFL 6 (3) (3)

BFLL (1) (6) (1) (6)

MGR (136) (7) (1236)

LGR (12) (346) (1) (346)

SOLR (1256) (3) (4) (12456) (3)

TAR (4) (38) (38)

RFR

BFLR

Table 4: Distributions of on/off area centers in the hip phase plane. Distri-
butions of on/off area centers (both θ and ω) were tested by one-sample t-test
for five samples of each participant. Subject numbers are shown separately
depending on their distributions of on/off area centers for each muscle: only
angular position is statistically apart from zero and its sign is positive (θ+)
or negative (θ－), only angular velocity is statistically apart from zero and its
sign is positive (ω+) or negative (ω－), the centers are statistically apart from
the origin; the 1st or 3rd quadrant. The subject numbers inside of parentheses
represent anatomically opposite direction of on/off timing (that is, anatomi-
cal action direction for on-area centers and vice versa for off-area centers) or
anatomically irrelevant muscle for the hip oscillation.

Function of switching: on/off area in the torque plane

We also obtained the center of mixed Gaussian distribution for each

on/off area in the torque plane to examine the relationship between phasic

muscle activation/inactivation and joint torque fluctuations as a control

output. Figure 4 shows 80 samples (from 8 subject of 5 trials, both legs)

of on-area center (red) and off-area center (blue) for each muscle in the

torque planes of the ankle (top), knee (middle), and hip (bottom) joints.

157



STUDY5

-6 -4 -2 0

-4

-3

-2

-1

0

1

-6 -4 -2 0

-3

-2

-1

0

1

-6 -4 -2 0

-1

-0.5

0

0.5

-4 -2 0

-2

-1

0

1

2

-5 0

-1

0

1

-5 0

-0.5

0

0.5

-5 0

-2

-1

0

1

2

-5 0

-1

0

1

-5 0

-0.5

0

0.5

-4 -2 0

-1

0

1

-5 0

-1

0

1

-4 0  

-0.5

0

0. 5

-2 0

-1

0

1

2

-5 0 10

-1

0

1

-5 0 10

-0.5

0

0.5

-8 -6 -4 -2 0

-2

-1

0

1

2

-10 -5 0

-2

-1

0

1

2

-5 0

-0.6

-0.4

-0.2

0

0.2

0.4

MG LG SOL TA RF BFL

A
n

k
le

K
n

e
e

H
ip

2    4 2     4 5 2     4 2    4    6    8 2    4

2    4 5 5 5 5 5

2    4 5 5 4         8 5 5

Figure 4: Centers of on/off area in the torque planes. Red and blue plots
represent on and off area centers, respectively, of five trials from eight par-
ticipants ’both legs (80 samples in total for each figure). Top, middle, and
bottom figures show distribution in the torque planes of the ankle, knee, and
hip, respectively.

The distributions of on/off area centers in torque planes were relatively

small compared with those in phase planes (Fig 3). Centers of on-area

and off-area of triceps surae muscles distributed in the third and first

quadrants, respectively, in the ankle and knee torque planes, indicat-

ing that their phasic activation and inactivation were associated with

torque generations in anatomical action direction (ankle plantar flexion

and knee flexion during their activation and ankle dorsiflexion and knee

extension during their inactivation). In addition, centers of on-area and

off-area were separated in the third and first quadrant, respectively, in

the anatomically non-involving hip torque plane, which may represent

the effect of phasic muscle activities to multi-link interaction. Similarly,

RF on-area and off-area also distributed in the first and third quadrants,

respectively, in the knee and hip torque planes. This implies that RF pha-

sic activation and inactivation were associated with torque generations in

anatomical action direction (knee extension and hip flexion during ac-
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tivation and knee flexion and hip extension during inactivation). Also,

its on/off distributions were separated in the first and third quadrants of

anatomically irrelevant ankle torque plane.

On the other hand, the on/off area centers of TA and BFL were not

separated clearly, although both distributed in the first and third quad-

rants of torque planes. Table 3 shows the result of one sample t-test on

the five-trial data of on/off area center coordination in the torque planes

(torque and torque velocity), which was for evaluating each muscle’s con-

tribution to torque output fluctuations. Statistical analysis for on/off

area distribution showed that the variability for TA and BFL in torque

planes was mainly due to variability between participants and laterality.

The results of t-test for the other muscles (triceps surae muscles and RF)

statistically showed that phasic activation/inactivation of these muscles

involved in torque generations in anatomical action directions.

ON OFF

T+ T− T∆+ T∆− 1st 3rd T+ T− T∆+ T∆− 1st 3rd

MGL 1,3-8 1,3-8

LGL 27 1,3-6,8 27 1,3-6,8

SOLL 45 1-3,6-8 45 1-3,6-8

TAL 12 (7) (8) (7) 12 (8)

RFL (7) (238) (7) (238)

BFLL (2) (8) (4) (56) (2) (4) (8) (56)

MGR 8 1-7 8 1-7

LGR 8 1-7 8 1-7

SOLR All All

TAR (5) 1 (38) (5) (38) 1

RFR (1-4,8) (5) (1-4,8)

BFLR (8) (6) (4) (8) (6)
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Table 5: Distributions of on/off area centers in the ankle torque plane. Dis-
tributions of on/off area centers (both ankle torque (T ) and its velocity (T∆))
were tested by one-sample t-test for five samples of each participant. Sub-
ject numbers are shown separately depending on their distributions of on/off
area centers for each muscle: only torque is statistically apart from zero and
its sign is positive (T+) or negative (T－), only torque velocity is statistically
apart from zero and its sign is positive (T∆+) or negative (T∆－), the centers

are statistically apart from the origin; the 1st or 3rd quadrant. The subject
numbers inside of parentheses represent torque output in anatomically oppo-
site action direction or anatomically irrelevant muscle for the ankle oscillation.
’All’ represents all participants’ subject number.

ON OFF

T+ T− T∆+ T∆− 1st 3rd T+ T− T∆+ T∆− 1st 3rd

MGL 1,3-8 1,3-8

LGL 27 1,3-6,8 27 1,3-6,8

SOLL (45) (1-3,6-8) (45) (1-3,6-8)

TAL (12) (7) (8) (7) (12) (8)

RFL 7 238 7 238

BFLL 2 (8) 4 56 2 4 (8) 56

MGR 8 1-7 8 1-7

LGR 8 1-7 8 1-7

SOLR (All) (All)

TAR (1) (38) (38) (1)

RFR (5) 1-4,8 (5) 5 1-4,8

BFLR (8) 1 6 4 1 (8) 6

Table 6: Distributions of on/off area centers in the knee torque plane. Dis-
tributions of on/off area centers (both knee torque (T ) and its velocity (T∆))
were tested by one-sample t-test for five samples of each participant. Sub-
ject numbers are shown separately depending on their distributions of on/off
area centers for each muscle: only torque is statistically apart from zero and
its sign is positive (T+) or negative (T－), only torque velocity is statistically
apart from zero and its sign is positive (T∆+) or negative (T∆－), the centers

are statistically apart from the origin; the 1st or 3rd quadrant. The subject
numbers inside of parentheses represent torque output in anatomically oppo-
site action direction or anatomically irrelevant muscle for the knee oscillation.
’All’ represents all participants’ subject number.
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ON OFF

T+ T− T∆+ T∆− 1st 3rd T+ T− T∆+ T∆− 1st 3rd

MGL (1,3-8) (1,3-8)

LGL (27) (1,3-6,8) (27) (1,3-6,8)

SOLL (45) (1-3,6-8) (45) (1-3,6-8)

TAL (12) (7) (8) (7) (12) (8)

RFL 238 1 238

BFLL 2 (8) 4 56 2 4 (8) 56

MGR (8) (1-7) (8) (1-7)

LGR (8) (1-7) (8) (1-7)

SOLR (All) (All)

TAR (1) (38) (38) (1)

RFR (5) 1-4,8 (5) 5 1-4,8

BFLR (8) 6 4 7 (8) 6

Table 7: Distributions of on/off area centers in the hip torque plane. Dis-
tributions of on/off area centers (both hip torque (T ) and its velocity (T∆))
were tested by one-sample t-test for five samples of each participant. Sub-
ject numbers are shown separately depending on their distributions of on/off
area centers for each muscle: only torque is statistically apart from zero and
its sign is positive (T+) or negative (T－), only torque velocity is statistically
apart from zero and its sign is positive (T∆+) or negative (T∆－), the centers

are statistically apart from the origin; the 1st or 3rd quadrant. The subject
numbers inside of parentheses represent torque output in anatomically oppo-
site action direction or anatomically irrelevant muscle for the hip oscillation.
’All’ represents all participants’ subject number.

Dynamics in the phase space

Furthermore, we calculated directional cosine (DC) that represents

the similarity between the dynamics of a triple inverted pendulum and

actual dynamics of state point from experiment data. The typical his-

togram of DC during one trial is shown in Figure 5. The absolute value

of DC stayed around unity for most of on-point and off-point, indicat-

ing that the actual state point of the participants’ skeletal system moved
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along (DC(t) of 1) or against (DC(t) of -1) the saddle-type vector field

for the triple inverted pendulum model.
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Figure 5: Sample DC histogram. Red and blue bar represent DC of on-points
and off-points, respectively, during a 120-sec trial (LG of subject no. 1). DC
of 1 and -1 means that the actual state point moves forward and against the
model dynamics of a triple inverted pendulum, respectively.

Discussion

In this study, we aimed to make clear the relationship between inter-

mittent (phasic) muscle activities and postural control mechanism dur-

ing quiet standing. To this end, we investigated the relationship between

phasic muscle activation/inactivation timing and location of state point

in the phase planes (trigger information) or torque output (function of

phasic muscle activities).
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Feedback loop with intermittent muscle activity

The centers of on/off areas distributed on the phase planes so that

each muscle activated when the state point located in anatomically oppo-

site position and inactivated when the state point located in anatomical

action direction (Fig 3). This result correspond to our hypothesis of in-

termittent feedback control strategy, in which control input (i.e. active

torque actuation) are triggered based on the location of the state point in

the phase plane. That is, our results indicate that phasic muscle activities

during quiet standing, as actuators, are triggered based on such mech-

anism described as a dynamics in the phase space of saddle type. This

tendency is particularly pronounced in the ankle and knee phase planes

(Fig 3, top and middle). In addition, on/off area separation in the hip

phase plane was much more obvious for anatomically irrelevant triceps

surae muscles but not for thigh muscles (Fig 3, bottom). This may be be-

cause activities of shank muscles are indirectly affected the fluctuations of

the hip joint via skeletal transmission of force and because anatomically

more complicated structure around the hip does not allow the efferent

information to the thigh muscles (at least RF and BFL) to be precise

enough to activate/inactivate these muscles along with the anatomical

action direction. In this study, extracting phasic components of muscle

activities allowed us to observe the direct relationship between kinemat-

ics and muscle activity during quiet standing, which has been difficult to

demonstrate because joint fluctuations are aperiodic and muscle activ-

ities are small and contain a lot of frequency components during quiet
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standing without any disturbances.

The on/off distribution in the phase planes (Fig 3) varied more widely

compared with that on the torque planes (Fig 4). Statistical test revealed

that this variability were due to individual variation and laterality (Table

2-4). There are three possible explanation of this result. One is that

transfer lag of afferent feedback is individually and laterally different.

Second, efferent control input via muscular and skeletal system varies in-

dividually and laterally. This laterality could be affected by the difference

in the EMG electrode placement positions between legs. The last possibil-

ity is that the on/off trigger timing of intermittent muscle activities (i.e.,

the reference value of the state point for each muscle) is modulated de-

pending on individually or laterally different mechanical/structural body

properties (such as segment length, joint viscoelasticity, or physiological

cross-sectional area of muscles) so as to precisely generate joint torque

in the anatomical action direction. Distributions of on/off area should

also be quantified for the further analysis to investigate the causality of

variability of on/off area in the phase planes. Figure 6 represents a block

diagram including intermittent muscle activation on/off switching, which

is the overall postural control system assumed in this study. Further

analysis of the on/off timing for each muscle should clarify whether there

can be seen the synchronization of switch timing among different muscles

(i.e., modules for intermittent muscle activity).
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Figure 6: Block diagram of intermittent feedback control of human quiet
standing. Each muscle (or each module) on/off switching (SWk) is triggered
depending on the error between current state y (consisted of angular displace-
ments and velocities) and reference value r. The reference value of r could be
set for each muscle or each module. The intermittent muscle activities gen-
erate joint torque, and together with passive torque (stiffness and damping
component K and B) without time delay, control input u actuate the skeletal
system and joint fluctuations occur.

Function of intermittent muscle activity

The centers of on/off areas on the torque planes showed that phasic

muscle activation and inactivation were associated with joint torque gen-

eration in anatomical action direction and opposite direction, respectively

(Fig 4). In particular, on/off areas of triceps surae muscles explicitly dis-

tributed over the third and first quadrant, respectively, of the ankle and

knee torque planes, suggesting that anti-gravity muscles intermittently

activate or inactivate in order to accurately handle the ever-present gravi-

tational toppling torque during quiet standing. In addition, RF activation

and inactivation was also associated with torque generation in anatomical

action direction of the knee and hip (i.e., knee extension and flexion, and

hip flexion and extension, respectively). Although RF on/off area on the
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hip phase plane was widely distributed, RF on/off area on the hip torque

plane explicitly separated into the first and third quadrant. One of the

most important results in this study was that muscle inactivation itself

was also associated with the torque generation in anatomically opposite

direction. Thus, the individual differences and laterality of the on/off

area distribution were relatively small on the torque planes in contrast

with those on the phase planes. These results indicate that the function

of intermittent muscle activity is to generate joint torque precisely along

with the action direction and that such on/off trigger is modulated based

on mechanical properties of the body or afferent/efferent transmission

time lag.

Intermittent feedback control strategy for human bipedal standing

has been discussed at kinematic level and relevant muscle activities have

been missing. This study further deepened the understanding and va-

lidity of the intermittent control model to the musculoskeletal level. We

also observed on/off area separation on anatomically irrelevant torque

planes (Fig 4, gray background figures). Further analysis of skeletal fluc-

tuations should clarify the contribution of intermittent muscle activity to

reciprocal interaction between multi body segments.

State point behavior of actual human skeletal system

Intermittent feedback control model for human bipedal standing as-

sumes that on/off switching of active control via CNS was triggered based

on the dynamics towards the equilibrium along with stable manifolds of

the dynamical system (Bottaro et al. 2005; 2008; Asai et al. 2009).
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Thus, we hypothesized that state point of the system was dominated by

the dynamics of the unstable equilibrium of the saddle type during off

period and that it moved against the current of such dynamics during

on period to go back to the vicinity of the stable manifolds or the equi-

librium. The DC histogram in this study distributed around 1 or -1 for

both on-points and off-points, suggesting that state point keep moving

forward and backward with the dynamics of a triple inverted pendulum.

However, intermittent control model presumes that the state point moves

back forward and backward during off period and on period, respectively

(Fig 7). This inconsistency between model assumption and actual state

point behavior may come from errors in estimating joint viscoelasticity

or from simple assumption of a triple inverted pendulum. Because it is

difficult to experimentally measure the viscoelasticity components for all

joints, further constitutional analysis for seeking inferences on human pos-

tural control dynamics is necessary, which is accomplished by comparing

model behavior and actual skeletal fluctuation with changing mechanical

properties of the model.
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Figure 7: Concept of intermittent feedback control strategy. Although ac-
tual human body consists of multiple segments and the phase space is multi-
dimensional, the concept is explained in 2D phase plane for visual purpose.
Human body is an unstable equilibrium of saddle type, which means that
there is at least one unstable manifold in a dynamical system. Thus, with-
out any active control, the state point of the body diverges away from the
equilibrium along the unstable manifold(s) as time elapses (gray arrow). To
avoid this falling divergence, active control should be switched on for moving
the state point toward the equilibrium or the vicinity of stable manifolds (red
arrow), and otherwise, active control could be off (blue arrow).

Conclusion

In this study, we demonstrated the direct relationship between joint

fluctuation, muscle activities, and torque output during quiet standing

by extracting phasic components from EMG signals. In conclusion, our

results suggested that intermittent muscle activation/inactivation occurs

depending on the state point location in the phase space, leading to joint

actuation via torque generation along with anatomical action direction.
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Appendix A

Joint angle and torque calculation

Definitions of angular displacements of the ankle, knee, and hip are

shown in Figure A1. Ankle dorsiflexion, knee extension, and hip forward

flexion were defined to be positive direction.

●

●

●

●

 θa

acromion

trouchanter
greater

knee

ankle

backfront

 θk

 θh

(> 0)

(> 0)

(< 0)

Figure A1: Definition of joint angles. Ankle dorsiflexion, knee extension, and
hip forward flexion were defined to be positive direction. Signs of joint torque
were set to be the same directions.

Joint torque was calculated by inverse dynamics. The x and y axes

represent anteroposterior and vertical directions, respectively. Due to the

equilibrium of force at the lowest segment (i.e., the foot),

Rax + Fx = 0

Ray + Fy −mfg = 0
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where Rax and Ray represent the joint reaction force at the ankle in

anteroposterior and vertical directions, respectively. Fx and Fy are the

grand reaction force, where subscripts represent each direction of axis.

The term mfg is gravitational force applied to the foot (i.e., mf is a

mass of the foot). The equilibrium of moment around the center of mass

(COM) of foot segment leads to the following equation,

Ma + rRay − pFy = 0

where Ma is the ankle moment in the planterflexion direction, and r and p

are a horizontal distances between the ankle and foot COM and between

foot COM and the center of pressure. Because we defined the ankle

dorsiflexion direction to be positive, the ankle torque Ta is the opposite

sign of Ma.

The motion equation of the upper segments (i.e. shank, thigh, and

upper body) is expressed as follows:

miax = Rxp +Rxd

miay = Ryp +Ryd −mig

where mi is a mass of ith segment, ax and ay are acceleration of ith seg-

ment’s COM in anteroposterior and vertical directions, respectively, Rxp

and Ryp are joint reaction forces at the proximal end in the anteropos-

terior and vertical directions, and Rxd and Ryd are joint reaction forces

at the distal end in the anteroposterior and vertical directions (i.e., joint

reaction force at the ankle for the shank). These two equations lead the

joint reaction force at the proximal end. Then, joint moment at the ith
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segment (equivalent to Md in the following equation) can be derived from

the following Euler’s momentum equation:

Iiθ̈i = Mpi−Mdi+Rxpricosθi−Ryprisinθi−Rxd(li−ri)cosθi+Ryd(li−ri)sinθi

where the subscript i represents the ith segment, I is the inertial mo-

ment, θ is the angular displacement, Mp and Md are the joint moment in

the backward direction (i.e., the ankle plantarflexion, knee flexion, and

hip backward flexion) at the proximal and distal ends, respectively, r is

a length between proximal end and segment COM, and l is a segment

length. Because we defined the knee extension and hip forward flexion to

be positive, the torque at the knee and hip is the opposite sign of Mp of

shank and thigh segments, respectively.
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Appendix B

B1. Model definition

M11 = I1 + I2 + I3 + r21m1 + r22m2 + l21m2 + 2l1m2r2

+ r23m3 + l21m3 + l22m3 + 2l1m3l2 + 2l2m3r3 + 2l1m3r3

M12 = I2+I3+r22m2+l1m2r2+r23m3+l22m3+l1m3l2+2l2m3r3+l1m3r3

M13 = I3 + r23m3 + l2m3r3 + l1m3r3

M21 = I2+I3+r22m2+l1m2r2+r23m3+l22m3+l1m3l2+2l2m3r3+l1m3r3

M22 = I2 + I3 + r22m2 + r23m3 + l22m3 + 2l2m3r3

M23 = I3 + r23m3 + l2m3r3

M31 = I3 + r23m3 + l2m3r3 + l1m3r3

M32 = I3 + r23m3 + l2m3r3

M33 = I3 + r23m3

G11 = −g(r1m1 + l1m2 + l1m3 + r2m2 + l2m3 + r3m3)

G12 = −g(r2m2 + l2m3 + r3m3)

G13 = −gm3r3

G21 = −g(r2m2 + l2m3 + r3m3)

G22 = −g(r2m2 + l2m3 + r3m3)

G23 = −gm3r3

G31 = −gm3r3

G32 = −gm3r3

G33 = −gm3r3

where Ii, mi, li, and ri represent the ith segment’s inertia moment of

around the distal end, the mass, the length, and the length between the

distal end and center of mass, respectively.
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B2. First order differential equation

The passive joint torque in the motion equation (eq. 1) can be rep-

resented as follows:

Tpassive = −[diag(K) diag(B)] · x

where K and B are vectors of elastic and viscosity components, respec-

tively, and x is the state variable vector consisted of three joint angles

and three angular velocities. The expression diag(v) is a diagonal matrix

composed by vector v.

Therefore, the motion equation (eq. 1) with no active torque can

be written as a following six-dimensional ordinary first order differential

equation: E O

O M

 ·
dx

dt
=

 O E

−diag(K) +G −diag(B)

 · x

where E is a 3-by-3 unit matrix. This elicits the coefficient matrix A in

eq. 2 as follows:

A =

E O

O M


−1  O E

−diag(K) +G −diag(B)
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General Discussion

Control mechanism of unstable posture

In our daily life, we humans must stabilize our bodies in a variety of

postures. The stability of unstable postures requires specific motor learn-

ing, which is a complex process determined by many cross-related factors

such as joint mechanical properties and neural control strategies. Postu-

ral robustness against external perturbations significantly affects postu-

ral stability and its relationship with passive mechanical properties, and

postural control strategies are essential for understanding the causality

of postural stability. In STUDY4, I demonstrated the cross-relationship

between postural robustness, passive joint viscoelasticity, and neural joint

control strategies by computer simulation of a quadruple inverted pendu-

lum as a model of tiptoe standing. Tiptoe standing is one of the unstable

bipedal standing that is often used in daily life such as when we want to

reach something at a high place. The instability of tiptoe standing comes

from the very small base of support inside of which we have to keep CoP

oscillation, accompanied by small amount of somatosensory information.

Nolan and Kerrigan (2004) have investigated open-loop and closed-loop

postural control dynamics of tiptoe standing from CoP oscillation and

we have further demonstrated the contributions of muscle activities to

such CoP non-linear dynamics (Tanabe et al. 2012). It would be bene-

ficial to understand postural control mechanism of unstable standing in

expert population such as ballet dancers for clinical applications such as
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fall prevention of elderly people.

Many researchers have focused on dancers balance control exper-

tise by investigating the behavior of CoP, which is the output of pos-

tural control mechanism via multi-joint fluctuations (see General Intro-

duction). Although CoP analysis gives us some speculations on postu-

ral control mechanism, however, there is a limitation in examining the

neural-muscular-kinematic control mechanism only from the CoP time

series. Therefore, I focused on kinematic and kinetic properties of ballet

dancers’ body fluctuations in STUDY 1 to 3 and found the differences

with non-dancers. Also, I observed the expertise of ballet dancers only

during tiptoe standing (not during quiet standing) in STUDY1, revealing

that unstable posture is a good experimental task to extract the exper-

tise of postural control. The maintenance of unstable standing requires

higher muscle activities, leading to higher joint impedance, which would

partially contribute to non-reactive, impedance control for body stabi-

lization. Also, I have already found that muscle activities contribute to

the control of joint fluctuations of fast frequency components up to 20 Hz

(Tanabe et al. 2012) and joint coordination specific to ballet dancers was

associated with muscle co-activations in higher frequency components In

STUDY1. Thus, we can maintain the stabilization of unstable postures

both by increase in passive joint impedance due to enhanced tonic muscle

co-activations and neural muscle coordination associated with multi-joint

fluctuations.
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Kinematic-kinetic coordination during human quiet

standing

Motor learning is a process through which the neural control sys-

tem achieves movement coordination by mastering redundant degrees of

freedom of the body or limb system (Bernstein, 1967). As a simple mo-

tor output out of an infinite number of neuralmuscularskeletal control

strategies of human movement, many studies have extracted such joint

coordination during bipedal standing. In STUDY 1 and 2, I focused on

joint coordination during tiptoe standing in ballet dancers. PCA allowed

me to investigate intra-joint coordination (between anteroposterior and

mediolateral fluctuations) as well as inter-joint coordination in STUDY1.

This methodology makes it possible to investigate postural control mech-

anism (especially kinematic coordinative structures) in three-dimensional

space, and this is a big progress for investigating balance control mecha-

nism during standing because body oscillations in mediolateral direction

is linked to problems in balance maintenance (Maki et al. 1994) and asso-

ciated with balance impairment represented by a history of falls (Mitchell

et al. 1995).

I found MP-ankle in-phase coordination to be dancer-specific coor-

dination during tiptoe standing and this in-phase coordination was asso-

ciated with muscle co-activation in higher frequency domain (STUDY2).

Non-reactive muscle co-activations enhance joint impedance and such

rigid joint may be result in in-phase coordination, in which two adja-

cent segments fluctuate synchronously towards the same direction. Also,
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higher joint impedance is robust to internal and external perturbations,

although this enhances the biological risk regarding energy consumption.

Thus, STUDY 1 and 2 suggest that ballet dancers achieve rigid joints

by muscle co-contractions for robustness against internal perturbations

during tiptoe standing, which as associated with in-phase joint coordina-

tion, and that ballet training allows dancers to perform such high energy

consuming strategy associated with changes in V O2max and anaerobic

threshold (Guidetti et al. 2008).

PCA measurement enables us to capture only the tendency of joint

coordination because joint coordination was measured by PC1 that con-

tains only 70 80 % of information of each joint fluctuations. Also,

in-phase and anti-phase kinematic coordination patterns simultaneously

coexist during standing; Creath et al. (2005) reported a leg-trunk in-

phase pattern for lower frequencies and an anti-phase pattern for higher

frequencies. Therefore, I also examined the temporal phase transition

between adjacent joints and its relationship between muscle activities in

STUDY3. The result showed extremely high individual variation in cross

correlation between EMG signals and temporal phase transition. This

may be because of non-linearity of postural control system, such as in

sway dynamics, muscle activation (tonic and phasic characteristics), and

choice of neural control strategies inside of the CNS. Such inconsistent

result on kinematic-kinetic relationship may be because active postural

control through muscle activities switches on and off transiently during

bipedal standing.
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Function of intermittent feedback control during stand-

ing

Many researchers have tried to provide a computable algorithm to

explain human motor behaviors by using computational theories (in the

sense of Marr (1982)) as discussed by Shadmehr and Wise (2005) and

Todorov and Jordan (2002). Intermittent control is, in essence, a se-

quence of open-loop trajectories determined by intermittent feedback.

This gives a conceptually and computationally simple solution to the

control of time-delayed system such as human motor control mechanisms.

For the model of human bipedal standing, many researchers have used

non-predictive continuous-time controllers of a proportional, integral, and

derivative (PID) structure (Peterka 2002; Maurer and Peterka 2005; Lock-

hart and Ting 2007; Welch and Ting 2008). However, Gawthrop et al.

(2009) have demonstrated that a predictive model explains actual body

sway better than a non-predictive model with intermittent feedback con-

trol. This suggests the function of intermittent control for making time

for prediction during the off-period. I have not considered predictive

function inside of the internal model for our quadruple inverted pendu-

lum model yet, therefore, the inclusion of the predictor to our model may

make the oscillations of the pendulum much closer to the actual body

sway during tiptoe standing.

Gawthrop et al. (2011) have also showed that intermittent control is

necessary for the postural control under difficult conditions (pulse match-

ing test). In STUDY4, intermittent control was necessary for the sta-
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bilization of a quadruple inverted pendulum that is mechanically close

to human tiptoe standing. Also, the robustness of the model was cross-

related to passive joint properties and neural control strategies (including

continuous, intermittent, and passive control). Why could intermittent

control contribute to postural robustness is an important question for the

understanding of postural control mechanism and its expertise. Mathe-

matically, intermittent active control could provide some time to compen-

sate for time delay of feedback loop (including sensory transduction, neu-

ral processing, transmission, and muscle activations; Peterka 2002) and

psychological refractory period (Vince 1948; Navas and Stark 1968), and

it could also give neural processing time for prediction, which is physio-

logically demonstrated by Hoff and Arbib (1993), Bhushan and Shadmehr

(1999), Burdet and Milner (1998), Todorov and Jordan (2002), Shadmehr

and Wise (2005), and Stanley and Miall (2009). From the physiological

viewpoint, intermittent postural control can be achieved with less energy

consumption as discussed in Suzuki et al. (2012). Controller of the inter-

nal model may prefer time-discrete intermittent feedback control for the

reasons described above. Also, adequately tuned (or learned) intermittent

control strategy depending on the individual mechanical properties (such

as joint viscoelasticity and segment length) will produce robust postural

control system against internal and external perturbations.

Intermittent muscle activations

In STUDY5, we were able to clearly show the kinematic-kinetic rela-

tionship by extracting the phasic on/off muscle activities. This suggests
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that the relationship between muscle activities and joint fluctuations ex-

ists within the intermittent or phasic oscillations and not within the mix-

ture of tonic and phasic components (like in STUDY3). Also, the center

of on-area and off-area were distributed mainly in the first and third

quadrant of the phase plane. This result supports the hypothesis of the

intermittent control of human bipedal standing (Bottaro et al. 2005;

2008; Asai et al. 2009) that unstable body fluctuations are intermittently

controlled depending on the location of the state variable in the state

space. Although it is still controversial regarding the way of extracting

phasic/tonic components from EMG signals (i.e. the cutoff frequency of

EMG signal processing), the methodology used in STUDY5 for investi-

gating kinetic-kinematic relationship is useful for examining the muscu-

loskeletal mechanism of any kinds of motor control even if it is nonlinear,

non-periodic, or static motor task such as quiet bipedal standing. During

standing, interventional joint torques that push and pull body segments

occur when a sensory organ with nonlinear threshold detects the body tilt.

Moreover, medial gastrocnemius and tibialis anterior rather than soleus

are responsible for the interventions (Yasutake et al. 2006; Bottaro et al.

2008). However, soleus and lateral gastrocnemius were switched on and

off around the unstable manifolds and contributed to the joint torque in

anatomical direction of action in STUDY5.

The cutoff frequency for extracting tonic muscle activities affects the

detection of the timing of on/off switching. Nomura et al. (2007) investi-

gated the optimal cutoff frequency for the tonic constant components of

soleus by finding the highest cross-correlation between soleus trend and
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CoM trend with changing cutoff frequency from 0.02 to 0.15 Hz. The re-

sults showed that the optimal cutoff frequency was individually different.

Although frequency domain of tonic muscle component during bipedal

standing is still an essential topic for the understanding of postural con-

trol mechanism especially when we assume the model with multi-link

segments, we supplementary demonstrated that the change in cutoff fre-

quency (from 0.01 to 0.05) did not affect the center of on/off area (the

local maximum/minimum) both in phase plane and torque plane. Also,

the actual dynamics of state variable (determined by angular position

and velocity) was quite identical with the dynamics of a triple inverted

pendulum. We will obtain further precise model for human bipedal stand-

ing by making the model dynamics closer to muscle on/off intermittent

activities as well as the dynamics of state variables.

Future studies for postural control mechanism

As I mentioned above, frequency component of tonic/phasic EMG

signals itself is big topic for investigating musculoskeletal mechanism of

human bipedal standing. Nomura et al. (2007) estimated the tonic mus-

cle activities from the assumption that human quiet standing can be ap-

proximated to a single inverted pendulum. However, actual human body

consists of multi segments and this fact makes it difficult to estimate the

tonic activities of individual muscles especially except for Toriceps surae

muscles because kinematic trend reference for tonic muscle activities is

absent for a multi-segment model (especially for bi-articular muscles).

Such cross-relationship between multi segments from the aspect of kinetic
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control mechanism is also an interesting topic for understanding human

bipedal standing. Sasagawa et al. (2014) demonstrated kinematic level

of cross-relationships between multi segments during quiet standing by

induced acceleration analysis. The contribution of muscle phasic on/off

activities to multi segment oscillations (even joint fluctuations that is not

anatomically relevant) will be observed with mixture of joint torque de-

composition (by induced acceleration analysis) and detection of muscle

phasic on/off timing (like in STUDY5).

The 3D analysis of human bipedal standing is necessary for further

understanding of postural control mechanism. Hip abduction and adduc-

tion moment predominantly control the postural sway in the mediolateral

direction (Winter et al. 1996) and body sway in the mediolateral direc-

tion coordinates with the sway in the anteroposterior direction at the CoP

level (King et al. 2012) and joint level (Tanabe et al. 2014). Although

the direction of action of most lower leg muscles is along the anteropos-

terior direction, joint oscillations in the mediolateral directions must be

also controlled by muscle activities. The understanding of such neural-

muscular-kinematic control mechanism will be a beneficial knowledge of

balance control expertise and balance instability due to aging and dis-

eases because balance training enhances the postural control ability in

lateral directions (Calavalle et al. 2008).

Psychological aspect of biomechanics in human movement (e.g. body

expression and emotional body language) is gradually attracting atten-

tions of researchers of bioengineering, biomechanics, and cognitive sci-

ences. Felis et al. (2013) tried to extract the emotional aspect of walking
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(anger, fear, sadness, and joy) from the emotionally acted kinematics.

Static movement such as quiet standing must also have psychological

aspects such as self-confidence or disappointment, even more, aestheti-

cal properties may exist inside of the kinematic oscillations even though

their fluctuations are very small during quiet standing. The optimiza-

tion algorithm via changing objective functions can extract those emo-

tional components of kinematics during human bipedal standing. Bipedal

standing is one of the fundamental human behaviors, and therefore, the

understanding of emotional aspects within its control mechanism will

contribute to solve the nature of humanity.

Conclusion

I found various evidences regarding postural control mechanism from

the viewpoint of the structure at musculoskeletal level (Study 2, 3 and 5),

its function (Study 4 and 5), and expertise and plasticity (Study 1, 2, and

4). We humans have to control our bodies in a constantly changing indef-

inite situation (i.e. environment) and then the body system works well

for serving the current control purpose. Thus, the human motor control

mechanism should assume the mutual relationship with the environment

to be its control law. This dissertation deepened the understanding of

postural control mechanism in which the control system selects subopti-

mal control strategy among the redundant system for stabilizing the body

in a constantly changing environment.
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