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Abstract

To reduce the risk of a fall while standing on a moving bus or climbing down the stairs we
intuitively use handles and handrails to augment our balance control. However, a certain
level of adaptation in posture and motor behavior needs to be developed to efficiently
use these aids. This thesis characterizes the influence of holding a handle and making
hand contacts with the environment on whole-body posture and balance recovery in young
adults. A literature review of common strategies for balance recovery and using handles
to augment balance control led to the design of perturbation-based experiments with the
aim to explore balance recovery and adaptation in whole-body posture and to accomplish
the following research goals:

1. To investigate the effects and the underlying mechanism of a supportive hand contact
on postural control during a prolonged exposure of standing balance to perturbations.

2. To examine the mechanisms of assisted balance recovery and the associated loads on
the body when holding a handle mounted at different heights or standing in different
configurations.

3. To investigate the effects of active choice of supportive contacts on motor control.

During continuous perturbations to balance we compared whole-body adjustments and
adaptation in postures with and without additional handle support. A handle was used
to mainly reduce the movement of the body in the posterior direction and merely control
the movement in the anterior direction. Furthermore, whole-body posture, measured by
changes of joint angles, was adjusted to control balance and muscle activity of all postural
muscles highly increased when no handle was used.

By applying an anterior force to the waist we investigated the effectiveness and mech-
anisms of balance recovery in five different postures: step stance and normal stance with
or without holding to handles at different heights. Different posture configurations showed
that both step stance and holding to handles at different vertical positions sufficiently as-
sist balance recovery, compared to normal stance. While there was no significant effect
of handle on displacement of the center of mass, the shoulder height handle required the
lowest handle force, indicating a differential use of the handle. The total body effort was
also reduced with the use of the handle, and the least effort to sustain balance was made
by using the low and shoulder height positioned handle.

To study the effects of contacts an innovative full-body experimental paradigm was
established. To examine adaptation during a reaching task, non-trivial postural perturba-
tions of the subjects’ support base were systematically introduced. Subjects adapted to
the perturbations by establishing target dependent hand contacts. Moreover, the trunk
motion adapted significantly faster than the motion of the arms. The most striking find-
ing was that observations of the initial phase of the left arm or trunk motion (100-400
ms) were sufficient to faithfully predict the complete movement of the right arm. Overall,
the results suggest that the goal-directed arm movements determine the supportive arm
motions and that the motion of heavy body parts adapts faster than the light arms.
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Povzetek

Na premikajoCem se avtobusu ali pri hoji po stopnicah ljudje intuitivno uporabljamo ra-
zna oprijemala, ograje in ro¢aje. Z uporabo tovrstnih pripomockov izboljSamo kontrolo
ravnotezja in s tem zmanjSamo moznosti za morebiten padec. Za uc¢inkovito uporabo teh
pripomockov pa mora ¢lovek ustrezno prilagoditi svojo drZzo in usvojiti doloceno gibalno
obnasanje. Pri¢ujoca doktorska naloga se nanasa na raziskovanje ¢lovekovih gibalnih spo-
sobnosti s poudarkom na proucevanju vpliva uporabe ro¢ajev in vzpostavljanju kontaktov
z objekti v njegovi blizini z namenom uravnavanja ravnotezja. Po pregledu obstojece lite-
rature na temo gibalnih strategij za nadzor drZe in ohranjanje ravnotezja so bile zastavljene
tri Studije, s katerimi sem Zelel doseci naslednje raziskovalne cilje:

1. Raziskati u¢inke in mehanizme nadzora drze in ravnotezja v stoji v primerih, ko je
¢lovek izpostavljen dlje Casa trajajo¢im motnjam ravnotezja.

2. Ugotoviti, na kakSen nacin vi§ina postavljenega rocaja in posledi¢no razli¢ne drze
¢loveka v primeru nenadnih, sunkovitih motenj ravnotezja vplivajo na nadzor ravno-
tezja in obremenitve na telo.

3. Ugotoviti ucinke uporabe opornih kontaktov (naslanjanje na mizo) na motori¢no
kontrolo in prilagajanje.

V prvi Studiji smo neprekinjeno motili ravnotezje preiskovancev v dveh razli¢nih pogojih
— drzanje za rocaj in prosta stoja. Ugotovili smo, da so preiskovanci aktivno uporabljali
ro¢aj predvsem v smislu zmanjSanja gibanja telesa v smeri nazaj, medtem ko je bilo gibanje
v smeri naprej podobno kot v primeru proste stoje. Razlike smo ugotovili tudi v drzi
preiskovancev, ki smo jo opredelili s pomo¢jo izmerjenih kotov v sklepih (posledica je bila
znizanje tezisca telesa v stoji prosto), ter v misi¢ni aktivnosti (bistveno niZja pri pogoju,
ko so se preiskovanci drzali za roc¢aj).

V drugi $tudiji smo z nenadnimi sunki sile motili ravnotezje preiskovancev in preverjali
vpliv viSine postavljenega rocaja na nadzor ravnotezja. Poleg drze z uporabo rocaja,
nameséenega na treh razliénih visinah, so preiskovanci opravili poizkus tudi v dveh drzah
brez drzanja za rocaj — v razkoraku in prosti stoji. Ugotovili smo, da sta stoja v razkoraku
ter drzanje za rocCaj uCinkoviti strategiji za ohranjanje ravnotezja, vendar z razli¢nimi
vplivi na obremenitev telesa. Le-ta je precej nizja predvsem v primeru uporabe rocajev,
postavljenih v vigini bokov, in ramen, kjer smo izmerili najnizjo silo, s katero so preiskovanci
delovali na rocaj.

Za raziskovanje u€inkov rabe opornih kontaktov, ki jih dnevno uporabljamo, ko se na
primer naslanjamo na kuhinjski pult, medtem ko segamo po kozarcu na vrhnji polici, smo za
tretjo studijo pripravili inovativno eksperimentalno okolje. Ob naslonu na mizo in seganju
do oddaljene tarce, izrisane na zaslonu pred preiskovancem, smo hkrati sistemati¢no motili
njihovo ravnotezje s pomocjo premikanja povrsine, na kateri so stali. Ugotovili smo, da
so preiskovanci prilagodili svoje gibanje na nacin, da so mesto naslona na mizo prilagodili
glede na pozicijo izrisane tarce na zaslonu. Poleg tega smo ugotovili, da se je prilagoditev
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drze najprej zgodila v trupu in Sele nato v gibanju roke. S pomo¢jo novo razvite metode
pa smo lahko na podlagi premika leve roke ali trupa v prvih 100-400 ms uspesno dolo¢ili
celotno gibanje desne roke.
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Glossary

Adaptation: Any alteration in the structure, form or mechanisms, by which the organism
becomes better suited to handle a new or changed environment.

Center of Mass: A point equivalent of the total body mass in the global reference system
and the weighed average of the center of mass of each body segment in 3D space.

Center of Gravity: The vertical projection of the center of mass onto the ground.

Center of Pressure: The point location of the vertical ground reaction force vector. It
represents a weighted average of all the pressures over the surface of the area in contact
with the ground.

Feedback: A control system which senses the difference between actual and desired states,
and produces counteractive effects to minimize the difference.

Feedforward: A control system involving an anticipatory output or response to an im-
pending disturbance, generally with the aim to reduce the differences between the actual
and desired states.

Perturbation: A disturbance causing the body to deviate from its regular movement.

Postural control: The act of maintaining, achieving or restoring a state of balance during
any posture or activity.






Chapter 1

Introduction

1.1 Motivation

The ability to move voluntarily is one of the key differences between the living and non-
living organisms. Human beings, as one of the many representatives of the living organisms,
have evolved this characteristic to a remarkable state. Standing and walking on two feet,
picking, holding, throwing, and manipulating with objects are just a few of the basic
motor skills we learn in our early childhood. Through millions of years of evolution, the
human ability to move evolved from quadrupedal to bipedal locomotion, which brought
some important benefits. The legs took over the function of the primary way of moving
in the environment and the arms took over the function of primary manipulators of the
objects in the environment. However, the transition from quadrupedalism to bipedalism
came at a cost of decreased postural stability. In order to be able to maintain stability,
the central nervous system (CNS) developed such control mechanisms and strategies that
can successfully cope with the unpredictable nature of human environment.

To study and understand the phenomena of the human control system that integrates
sensory information and simultaneously coordinates the motion of the body requires an
interdisciplinary approach. Motor control, as a field of science, aims at discovery of laws
of nature describing the interactions between the central nervous system, the body, and
the environment during the production of voluntary and involuntary movement (Latash
& Zatsiorsky, 2015). Therefore, the scientific fields that contribute the most to the un-
derstanding of human motor control include physics, engineering, statistics, behavioral
science, cognitive science, human factors, physiology, neuroscience and medicine.

Postural control, roughly described as the ability to control our body’s position in
space, is fundamental to everything we do. Hence, it is not surprising that this key area of
human motor control interested many researchers. There have been numerous studies in
the past decades that aimed to decipher the functioning and behavior of the human central
nervous system with regard to postural control. The results of such studies can be used
to improve human rehabilitation techniques or treatment of postural control disorders,
which for example affect patients with osteoarthritis, patients with Parkinson’s disease
or children with developmental coordination disorder. Furthermore, the indisputable fact
that the global population is increasingly aging (United Nations, 2017) goes in parallel
with the increase of fatal falls rates (World Health Organization, 2007). Therefore, insight
in balance control is vital in the development and production of more efficient orthoses
and prostheses and support aids such as crutches and handrails.

In the following review of literature on postural responses to stabilize balance and pre-
vent a fall, researchers underline the importance of supportive contacts and address many
of the underlying mechanisms. However, there are still a number of important questions
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and topics that remain inconclusive. Specifically, (1) adaptation of postural control to
continuous perturbations was only partially explained, (2) experimentally supported rec-
ommendations regarding optimal handles locations for balance recovery have not yet been
given, (3) the workload on the human body has not yet been fully explained and (4) the
question of how the coordination of supportive contacts and primary motor tasks develops
or adapts remains only partly answered.

The main purpose of this dissertation is to form a higher level of understanding of
how additional supportive contacts affect human motor control in balancing tasks. Specif-
ically, we studied the mechanisms and strategies of postural control in response to external
perturbations and how holding a handle or establishing hand contacts in such situations
augments and/or facilitates balance control.

1.2 Thesis Structure

This thesis outlines a series of studies conducted to assess postural control mechanisms
which act in situations when additional arm support is needed to prevent extensive move-
ment of the body which could lead to a fall. In the following chapter, the thesis shortly
reviews the past and recent findings regarding the control of stance in healthy adults, with
an emphasis on studies that assessed postural adjustments (reactive and anticipatory) and
adaptation in standing with additional hand support (i.e. holding a handle). The review
covers the most commonly used methods for studying postural control and outlines the
concepts of postural control strategies and synergies. In Chapter 3, the aims and objectives
are presented. Chapters 5 to 7 include publications of the three relevant studies, including
additional analyses and their conclusions. In Chapter 8, a summary of the conclusions
from all three studies is given. Appendix A includes the medical ethics approval.



Chapter 2

Review of Literature

This review of literature begins by defining postural control and an overview of the main
descriptive measures typically observed and analyzed in context of balance and postural
control. It then continues with an overview of balance recovery strategies in standing
and discusses the main factors which contribute to appropriate and effective responses to
balance perturbations. Current research on the role of the arm support in standing (i.e.
holding a handle) to prevent a fall or to recover from perturbations, which is also the topic
of this thesis, is discussed in the context of a strategy of the extended base of support.

2.1 Postural Control

Human upright stance is inherently unstable because gravity continuously endangers body
equilibrium. The task of maintaining equilibrium while standing is therefore very de-
manding and complex even without any external perturbations. There is no universal
definition of postural control, however, maybe one of the most comprehensive is the one
from Shumway-Cook and Woollacott (2012). In their book they define postural control as
a complex motor skill which integrates neural control of postural equilibrium (stability)
and postural orientation.

e Postural stability can be defined as a state in which the forces acting on the body
are in balance, so that the body is at rest in a predetermined position. It involves
coordination of sensory and motor strategies to maintain balance, that is, to stabilize
the body’s center of mass over its base of support. An important goal of postural
stability control is to prevent falls during both self-initiated and externally triggered
perturbations that affect balance. In the sense of control, postural stability can be
further classified in-to static (stability) and dynamic (controlled mobility) postural
control (O’Sullivan et al., 2014). Static postural control is defined as the ability to
maintain the stability and position of the vertical projection of the COM within the
BOS while the body is at rest, while the dynamic postural control has the same
function, but in condition while parts of the body are in motion.

e Postural orientation relates to the active alignment of the trunk and head with
respect to gravity, support surfaces, the visual surround, and internal references.
Additionally, it integrates the sensory information from somatosensory, vestibular
and visual systems.

In humans the goals of postural stability and postural orientation are independently
controlled, however, interconnected through the ongoing task. Such control allows giving
up one goal for another in order to be able to successfully complete a certain task. For
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example, a gymnast may give up the goal of orientation in order to achieve their goal of
stable postural equilibrium at landing on a soft surface after a somersault. Given this
example, postural control can be explained as an interaction of the individual (gymnast),
the ongoing task (landing after a somersault) and the environmental constraints (soft
landing surface).

Measures of Postural Stability.

The center of mass (COM) is a point that represents the average position of the body’s
total mass 2.1. The location of the COM in the human body is not fixed but depends
on postural orientation. When standing with arms beside the body, it is located in the
abdomen approximately 20 mm in front of the second lumbar vertebra. When flexed at
the hips, however, the COM moves forward to a position outside the body. It is calculated
by

r= Z i r; (2.1)

where r is the vector of the COM of the body, N is the number of rigid body segments,
m; is the mass of the i-th segment, m is the total mass of the body and r; is the vector of
the COM of the i-th segment.

The central nervous system must control the position and motion of the body’s COM
as well as the body’s rotation about its COM. Therefore, for a stable pose, the CNS must
react in a way to control the gravity vector of the COM which must be pointing within
the base of support and control the dynamic effects, i.e. COM velocity (Pai et al., 2000).
It is the interaction between these two variables, rather than just the position of the COM
alone, that determines whether a person will be able to remain stable within his or her
current BOS or be required to take a step or reach for support in order to regain stability.

Based on these propositions some researchers of human postural control used COM
position as a measure of postural stability (Maki et al., 2003). Moreover, it is hypothesized
that the COM is the primary variable controlled by the nervous system during postural
control (Scholz et al., 2007).

However, a mere observation of the COM position only gives information about body
stability in static conditions. In case of dynamic stability one must also consider inertial
forces and moments acting on the body. A constantly present force that pulls on all body
segments, but acts through the COM, is the force of gravity. While standing or walking,
the force of gravity is opposed by the ground reaction force, which pushes upward against
each foot. The net ground reaction force occurs at an imaginary point on the ground called
the center of pressure (COP). It represents a weighted average of all the pressures over
the surface of the area in contact with the ground and it is totally independent of the COM
(Eq. 2.2) (Winter, 2009). If one foot is on the ground, the net COP lies within that foot.
If both feet are in contact with the ground, the net COP lies somewhere between the two
feet, depending on the relative weight taken by each foot. Thus, when both feet are in
contact with the support surface, there are separate COPs under each foot. Because this
can be easily measured by the force plate or with force sensors mounted or integrated in
the shoes, it is the most commonly used stability measure in biomechanics for studying
human walking and stability (Winter, 1995). On the flat surface, when all horizontal forces
are compensated by the friction force, the COP point is calculated as:

J4ppdA

= 2.2
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where A is the surface area of the contact (support polygon), p is the location and p
is the pressure of the infinitesimal calculus of the supportive surface area dA.

Aside from observing COM an COP characteristics, clinicians often use other measures
for assessing stability like the Equilibrium Score (ES) or Posture Stability Index (PSI)
Chaudhry et al. (2011). The ES is calculated by using specialized equipment for assessing
stability like the Balance Master or Equitest, where the maximum anterior and posterior
sway angle is measured. These parameters are measured in several conditions and assigned
a score based on their values and the norm (i.e. 12.5° is assumed to be the limit of stability
for a normal individual). The composite ES is then assumed from the weighted average
of all scores. The main disadvantages of the ES are that the calculation does not include
important biomechanical information of the subject (height, weight) and that the limits of
stability may vary significantly from the norm used in the calculation. (Chaudhry et al.,
2005) proposed an alternative measure, the PSI. This measure overcomes the limitations
of the ES, as it depends on the entire sway history, and on the individual’s body mass,
height and the torque at the ankle. Nevertheless, this measure is limited for use only in
conditions of a balancing strategy where the control of balance is maintained mostly by
regulating the torque in the ankle joints.

Other Measures and Equipment for Analyzing Postural Stability

As already noted, both, the kinetic (or dynamic) quantities (which refer to the force and
energy associated with movement) and kinematic ones (which refer to aspects of move-
ment besides the consideration of mass and force), must be considered in the analysis of
postural control. They are measured using different transducers (goniometers, accelerome-
ters, dynamometers, etc.) and specific equipment, such as force plates and motion capture
systems. Kinematic quantities (displacement, velocity and acceleration) are used to charac-
terize local movements, i.e. segmental movements. Kinetic quantities (force, reaction force
and torque) are used to measure the whole body movement. In particular, force plates,
which measure support reaction forces, allow to determine the resultant forces and torques,
as well as the COP. The resultant force expresses the center of gravity linear acceleration
to within the body mass, and angular acceleration to within the body moment of inertia
in relation to the center of gravity. Reaction forces (and torques) at joint level, however,
can be noninvasively estimated only from a model (forward dynamics or inverse dynamics
modeling). Besides kinetic and kinematic quantities, the measurement of activation of
individual muscles is also a commonly used method. Surface electromyography is a unique
method for specifying muscle activation since it measures the electrical impulses of muscles
at rest and during contraction. Picking up the electrical signals by surface electrodes is
a convenient way of determining muscle excitation and allows a description of muscular
activation patterns.

Postural Sway

Muscle tone of the postural muscles has to adjust flexibly to changes in support, alignment
and environmental conditions (Gurfinkel et al., 2006). The human musculoskeletal system
therefore requires an active activation of postural muscles in order to maintain stance. This
constant activation is needed to oppose the destabilizing effects of gravity and to orient
the body segments appropriately to the environment. Therefore, while standing, humans
make constant corrections by actively moving their body. These small movements are
called postural sway. Maintaining balance while standing requires keeping the downward
projection of the COM within the base of support (BOS), an imaginary area defined by
those parts of the body in contact with the environment (2.1). Because the body is always
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in motion, even during a stable stance, the COM continually moves about with respect to
the BOS. Postural instability is determined by how fast the COM is moving toward the
boundary of its BOS and how close the downward projection of the body’s COM is to the
boundary.

A B

Figure 2.1: Base of Support. A schematic illustrating the area of base of support during
standing (A) and how the use of a cane or handle can increase the stability by increasing
the effective size of the base of support (B).

Integration of the Sensory Systems

Sensory integration refers to the process by which kinematic (orientation and motion) and
kinetic (force-related) information from multiple sensory sources is combined in the nervous
system for the purpose of generating motor action to compensate for the destabilizing effect
of gravity and to resist external perturbations (Peterka, 2018). Sensory information from
the somatosensory, visual and vestibular systems must be integrated in order to interpret
complex sensory environments, because information from a single sensory channel can be
ambiguous and misleading (Horak & Macpherson, 1996).

Somatosensory inputs are important for triggering the earliest automatic postural
responses in response to external perturbations. They include pressure information from
skin in contact with surfaces, limb segment orientation from muscle proprioceptors and
joint receptors, as well as muscle length, velocity and force information. Somatosensory
inputs are also important for providing information about the direction of perturbation
and about the texture and stability of the support surface so that appropriate postural
strategies can be selected. Somatosensory inputs can provide confusing, ambiguous infor-
mation about the body center of mass motion because they cannot distinguish between
body motion over a stable surface and surface motion under a stable body, such as when
standing on a moving boat or pier (Horak & Macpherson, 1996).

Inputs from the vestibular system are important for orientation of the trunk and
head to gravity, especially when the surface is unstable. However, the inputs from this
system are not necessary to trigger automatic postural responses to external perturbations
(Mergner et al., 2003). The sensory organs of the vestibular system — otolith organs
(utricle and saccule) and semicircular canals — detect linear and angular motion of the
head relative to space, as well as gravitational forces (Fox, 2011). Vestibular inputs can
provide confusing, ambiguous information about the body center of mass motion because
they cannot distinguish on their own between head motion over a stable body and head
motion accompanying the body center of mass motion. Vestibular information is thought
to help the somatosensory system distinguish a stable from an unstable surface and then
become increasingly important for controlling postural orientation the more unstable is the
surface.
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Visual information provides knowledge of body sway and orientation in the environ-
ment and provides advanced information about potentially destabilizing situations. Vision
can provide information about the direction and speed of body sway. It also allows percep-
tion and body orientation with respect to the vertical and horizontal visual environment.
Thus, standing subjects exposed to slowly moving visual surrounds will sway with reference
to the visual motion, even when unaware of it (Peterka, 2002).

The adjustment of the relative and absolute contribution of sensory inputs to control of
posture by the central nervous system is called sensory reweighting. Researchers describe
this term as an active feedback mechanism when the nervous system adjusts the relative
and absolute contribution of sensory inputs depending on environmental conditions and
subjects’ perception (Assldnder & Peterka, 2014; Peterka, 2002; Peterka & Loughlin, 2004).

2.2 Postural Control Responses to External Perturbations

Generally, researchers of postural control differentiate between two bodily responses to
perturbations of balance: reactive and anticipatory responses.

2.2.1 Reactive Control of Balance

Postural control responses to unexpected perturbations of stance have been shown to be
automatic, repeated and highly stereotyped in humans (Diener et al., 1988). Reactive, in-
voluntary responses are triggered between 80-120 ms after the start of perturbation (Nash-
ner & Cordo, 1981). This latency is faster than the fastest voluntary postural reactions,
but slower than the fastest muscle stretch reflexes which are triggered by muscle spindles.

Automatic postural responses include responses in muscles that are shortened as well as
stretched far from the site of perturbation that can exert torque against surfaces to correct
posture (Ting & Macpherson, 2005). The recruitment of muscles in postural response
depends on the goal of maintaining equilibrium and not on stereotyped reflexes. Automatic
postural responses depend on the central set, so they are specific to the conditions of
support and adapt to prior experience. The central set is the readiness of the central
nervous system for an upcoming event based on initial conditions, prior experience and
expectations. For example, leg muscles are activated in response to surface perturbations
during free stance but arm muscles are activated and leg muscles suppressed in response
to surface perturbations when holding onto a stable support (Cordo & Nashner, 1982).

In addition, muscles in the back of the legs are activated in response to forward body
sway while standing but muscles on the front of the legs and in the arms are active when
supported on the hands and feet (Macpherson et al., 1990). Postural responses change
even in the first trial after a change in body configuration but continue to optimize the
response for the particular conditions. For example, a gradual adaptation of the postural
response can be observed during repeated trials of surface rotation. In response to the
first rotation, a destabilizing response may be seen in the stretched ankle extensor muscle
but with repeated rotations this activation of the extensor is suppressed and activation of
the stabilizing ankle flexor gradually increases. Subjects can also influence which postural
response is selected and the magnitude of their response based on experience, expectations
and intention (Horak & Nashner, 1986).

Poor coordination of automatic postural responses can result in failure to return to
equilibrium in response to external perturbations. Automatic postural responses can be
defined by their postural strategies and postural synergies.
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2.2.1.1 Postural Movement Strategies for Balance Recovery

The concept of postural strategies emerged as investigators struggled with a way to describe
general sensorimotor solutions to the control of posture, including not only muscle synergies
but also movement patterns, joint torques, and contact forces (Horak et al., 1997). Strategy
selection and modulation are dependent on:

e the features of the perturbation (timing, direction, magnitude, predictability),

e the central set of the individual (affect, arousal, attention, expectations, prior expe-
rience),

e ongoing activity (cognitive or motor) and environmental constraints (on reaction
force generation and limb movement).

Researchers identified two main types of movement strategies that can be used to return
the body to equilibrium in a stance position: strategies that keep the feet in place and
return the center of mass back over the base of foot support and the other strategy that
changes the base of support through individual stepping or reaching (Horak & Nashner,
1986; Maki & Mcllroy, 1997; Mcllroy & Maki, 1996). These strategies can be characterized
by their different muscle synergies, kinematics and joint torques.

Fixed-support Strategies (feet in place)

The ankle strategy, in which the body moves at the ankle as a flexible inverted pendu-
lum, is appropriate to maintain balance in small amounts of sway when standing on a firm
surface. To validate this assumption Horak and Nashner (1986) exposed standing subjects
on a normal support surface to brief forward and backward horizontal surface perturba-
tions. These perturbations elicited relatively stereotyped patterns of leg and trunk muscle
activation with latencies from 73 to 100 ms. Activity began in the ankle joint muscles and
then radiated in sequence to thigh and then trunk muscles on the same dorsal or ventral
aspect of the body. This activation pattern exerted compensatory torques about the ankle
joints, which resorted equilibrium by moving the center of mass forward or backward.

Ankle strategy
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Figure 2.2: Ankle Strategy. When the subject stands on a wide platform that is moved
backward, his posterior muscles — paraspinals, hamstrings, and gastrocnemius — are acti-
vated to bring the body back to the erect position by rotating at the ankles. The dashed
vertical line indicates the onset of platform acceleration. Figure from Ting (2007).
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The hip strategy, in which the body exerts torque at the hips to quickly move the
body COM, is used when persons stand on narrow or soft surfaces that do not allow
adequate ankle torque or when the COM must be moved quickly (e.g. as a response to
larger perturbations) (Horak & Nashner, 1986).

Hip strategy
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Figure 2.3: Hip Strategy. When a subject stands on a narrow beam that is abruptly moved
backward, the anterior muscles — abdominals and quadriceps — are recruited to flex the
trunk and extend the ankles, moving the hips backward. The dashed vertical line indicates
the onset of beam acceleration. Figure from Ting (2007).

When subjects suddenly change from standing on a wide to a narrow surface, or vice
versa, there is a gradual adaptation from an ankle to a hip strategy and vice versa with
repeated perturbations. This gradual change in postural strategies suggests that they
not only depend upon sensory feedback and current sensory conditions but also upon prior
conditions based on the central set (Horak & Kuo, 2000). Furthermore, both strategies can
also be concurrently activated, thus producing a continuum of possible postural corrections
representing different mixtures of the two strategies (Creath et al., 2005; Runge et al.,
1999).

Compensatory Stepping, Reaching, Touching and Holding

Typical human actions like using a handle while riding a bus, reaching for a glass on the
top shelf using a supporting surface or making a step after a trip, involve coordination of
multiple joints, significant shift of the center of mass, and control of equilibrium, either
in static or dynamic conditions. These are skills learned early in human childhood but
studied extensively in the context of motor disability, e.g. after neurological insults like
stroke (Arienti et al., 2019), or in the elderly with reduced muscle power, joint flexibility
and sensory loss (Correia et al., 2016; Dunsky et al., 2017; Osoba et al., 2019; Robinovitch
et al., 2013).

Compensatory stepping. The occurrence of a step has typically been regarded as
an inevitable consequence of the horizontal movement of the center of mass beyond the
limits of the base of support. Taking a step to recover equilibrium is therefore common,
especially during gait and when keeping the feet in place is not important. However, even
when persons step in response to an external perturbation, they first attempt to return
the COM to the initial position by exerting angle torque. To explore this strategy, forward
stepping has been evoked by various sudden perturbations such as by pulling on a cable
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attached by the subject’s waist (Mansfield & Maki, 2009; Mille et al., 2013; Pidcoe &
Rogers, 1998) or by platform translations (Jensen et al., 2001; Maki et al., 2003). The
studies show that the timing of the perturbation-evoked stepping response is faster in
trials when the subjects were free to respond naturally, compared with trials where the
subjects were instructed to step as quickly as possible. A compensatory stepping movement
is typically completed in about 500 ms, which is approximately half the time required to
step as fast as possible in reaction to visual cue.

Light touch. Making firm and supportive contacts with stationary objects while stand-
ing and walking (e.g. leaning on a cane or using a walker) increases the stability limits
which are defined by the base of support (Bateni & Maki, 2005). However, researchers
have shown that also a small force (< 1 N) applied by a stable support on different parts
of the body (leg (Rogers et al., 2001), finger (Jeka, 1997; Jeka & Lackner, 1994; Kouzaki &
Masani, 2008; Lackner et al., 2001), shoulder (Johannsen et al., 2007; Rogers et al., 2001),
neck or head (Krishnamoorthy et al., 2002)) provides an additional sensory input, which
helps with orientation of the body in space. The sensory information coming from this
light touch has been proved to improve postural control in quiet standing by reducing the
amplitude of center of pressure (COP) movement and muscle activity (Wing et al., 2011).

Krishnamoorthy et al. (2002) found that the light touch to the head or neck reduced
body sway more effectively than a free finger touch to a pad. However, the effect of light
finger touch improved significantly when the finger was fixed in a clip or when the subjects
were holding a load suspended using a pulley system. These findings indicate that factors
such as stability of the contact point and the transient force changes at the point of contact
play a crucial role in the control of postural sway.

To determine whether the effect of the light touch is due to the tactile sensory input,
as opposed to mechanical support, Kouzaki and Masani (2008) investigated the light touch
effect on postural stability during quiet standing with and without somatosensory input
from the fingertip. They modulated the somatosensory input by applying a tourniquet
on the finger to induce ischemia and consequently a loss of tactile sensation in the finger.
They found that the light touch effect (i.e. reduced mean velocity of COP) was absent
due to the loss of finger tactile feedback, even though the mechanical support remained
the same.

Rabin et al. (2008) concluded that the control of medial-lateral sway while lightly
touching a stable surface is controlled based on information about the orientation of the
arm. In their experiment they perturbed the arm proprioception by applying vibration
to the upper arm flexor (biceps brachii) of the subjects and found that postural control
degraded in a sense of increased postural sway.

Due to the plethora of findings coming only from a few studies of light touch mentioned
here, it is clear that they substantially contribute to the understanding of postural control
in general and especially of the importance of the somatosensory feedback.

Reach to grasp. A common change-in-support strategy is reaching toward a railing
or other stable surface. The initiation of reaching reactions is even faster than stepping
reactions. When a person reaches and grasps a stable nearby object, the additional sup-
port extends their base of support and consequently provides more options to stabilize the
movement of the center of mass (Mcllroy & Maki, 1995). The activation of the compen-
satory arm movement typically begins at a latency of 80 to 140 ms after the perturbation
onset. These rapid responses occur even though there is no initial stretch or loading of
the muscles by the postural perturbation and the muscle is not actively participating in
the maintenance of stability. A study by Corbeil et al. (2013) suggests that the arm mo-
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tion is modulated to serve stabilizing and/or has protective functions which depend also
on perturbation direction. When the subjects experienced a perturbation with a forward
translation of the support surface, the forward-directed arm movements were evoked. This
was consistent with the counterweight strategy, since the mass of the arms was used to
return the center of mass within the base of support. However, in leftward falling motion
situations, the subjects used a combination of two different arm strategies. They moved
their left arm to their left side which is consistent with the protective strategy (Chiu &
Robinovitch, 1998; van den Kroonenberg et al., 1996) and their right arm rapidly rightward
as a counterbalancing measure.

Holding a handle. A great deal of research has been conducted on the topic of reactive
responses to postural perturbations, but few experiments have been carried out to discover
the effects of supporting contacts established prior the onset of the perturbations. Espe-
cially how these contacts affect balance control and postural adaptations during longer
periods of time. A proactive handle contact can be classified as an anticipatory as well as
a reactive strategy since the person is holding a handle before the actual perturbation to
balance occurred. This type of support to balance control is beneficial in several ways: 1)
it provides the person with a tactile feedback, especially relevant when the perturbations
are small; 2) it eliminates the need for a quick and accurate reach for the handrail; 3) it
reduces the time lag of the reach-to-grasp movement and minimizes the momentum of the
COM following a destabilization; 4) reduces the forces needed to apply to the handrail to
counteract the perturbation (Maki et al., 1998).

Holding a fixed handle significantly increases the base of support of a standing person
and enables generating necessary forces on the handle to minimize the effects of pertur-
bations. A finding from a recent study by Babic¢ et al. (2014) revealed that the location
of the supporting hand contact is important to maximize its stabilizing potential and that
the peak forces exerted at the handle during the support surface perturbations are related
to the location of the handle with respect to the user.

Reach by using supports. Human reaching with arm support has not been extensively
studied. There is almost no literature on the issue of how humans use one hand to extend
their reach space. For example, to lean forwards requires a shift of the trunk and a shift
of the center of mass (Huang & Ahmed, 2011). At some point it becomes advantageous
to use a supporting surface, allowing a reduction in anticipatory postural adjustments and
a simplified control strategy (Slijper & Latash, 2000). But the decisions about when to
implement support using one arm, which will depend on the availability, reliability and
compliance of a support surface, are almost unstudied (Krishnamoorthy et al., 2004).

2.2.1.2 Postural Synergies

Coordinated movements require precise control of the many joints and muscles in the body.
In this section I briefly review the concept of postural synergies which is used to explain
the complex organization of motor actions as a consequence of the response of the postural
system. According to Torres-Oviedo and Ting, 2007, a muscle synergy can be defined as
a group of muscles activated in synchrony with fixed relative gains. Therefore, postural
synergy is a preferred pattern of muscle co-activation that is used by the nervous system to
maintain standing balance. Postural synergies are thought to simplify the neural control
task of selecting and coordinating multiple muscles across the body by eliminating the need
to control each muscle independently. Since the postural strategies define the overall goals
involved in the maintenance of balance, the postural synergies define the muscle activation
patterns that are used by the nervous system to implement them.
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Researchers Ting and Macpherson (2005) studied how synergy activation levels and
biomechanical signals in cats varied during the automatic postural response to linear trans-
lation of the support surface in 16 directions in the horizontal plane. They analyzed EMG
responses of hind limb muscles using a nonnegative optimization procedure. They assumed
that 1) any given muscle can belong to more than one synergy and 2) the muscles within
a given synergy have a fixed proportional activation. The results showed that only four
or five synergies are needed to account for the activation patterns of 15 hind limb muscles
of the cat during automatic postural responses to many directions of platform motion.
Activation of each synergy produces a unique direction of force against the ground, sug-
gesting that postural control is based on task-related variables such as the force between
foot and ground rather than the contraction force of individual muscles. In another study
by Torres-Oviedo and Ting (2007) - this time performed on human subjects not cats- the
authors hypothesized that a few muscle synergies could account for within-the-trial vari-
ability in automatic postural responses from different perturbation directions, as well as
different postural strategies. The composition and temporal activation of several muscle
synergies identified across all subjects in the study were consistent with the previously
identified ankle and hip strategies in human postural responses. The results from their
study also suggest that muscle synergies represent a general neural strategy underlying
muscle coordination in postural tasks.

To parse complex data of many muscles activation patterns into a small number of
components, Danna-dos-Santos et al. (2008), Torres-Oviedo et al. (2006), Wojtara et al.
(2014) used several mathematical techniques. The basic approach in these experiments
was to: firstly, measure EMGs from a large number of muscles during a complex behavior
(or more than one behavior); secondly, use a computational analysis such as non-negative
matrix factorization or independent components analysis to identify a set of synergies from
the recorded EMGs; thirdly, evaluate whether the observed EMGs can be well described
as the combination of these synergies; and fourthly, relate the identified muscle synergies
to task-relevant variables (Tresch & Jarc, 2009).

Another approach to proving the existence of synergies was developed by Scholz and
Schoner (1999). This approach is called the uncontrolled manifold (UCM). The UCM
hypothesis states that the controller acts in a high-dimensional space of elemental variables
and organizes in that space a subspace (the UCM) corresponding to a desired value of a
particular performance variable. Further, the controller organizes co-variation among the
elemental variables (across trials or across time samples) in such a way that their variance
is mostly constrained to the UCM. This may be interpreted as stabilizing the performance
variable.

2.2.2 Anticipatory Control of Balance

To maintain a desirable posture under a wide range of individual, task and environmental
constraints, the central nervous system minimizes deflections of the body from a desirable
orientation through the use of postural adjustments that fall into two general categories,
compensatory (described in the previous chapter) and anticipatory (Santos et al., 2010b).

Compensatory postural adjustments are feedback-based mechanisms that are initiated
by sensory events following the loss of desirable posture (Alexandrov et al., 2005; Park et
al., 2004). On the other hand, the anticipatory postural adjustments (APA) accompany the
voluntary movements and act in a predictive manner. Their role is to help counteract the
postural destabilization with a forthcoming movement. These adjustments are activated as
feed-forward postural control, prior to any sensory feedback indicating postural instability
(Aruin & Latash, 1995; Li & Aruin, 2009). The process of generation of APA is likely to
be affected by expected magnitude (Bouisset et al., 2000) and direction (Santos & Aruin,
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2008) of the perturbation, voluntary action associated to the perturbation (Shiratori &
Aruin, 2007), postural task and body configuration. For example, when reaching for an
object such as a book on a shelf, muscles in the trunk and legs activate in advance of
muscle activity and movement in the shoulder and arm (Aruin & Latash, 1995). These
contractions in trunk and leg muscles constitute APAs because they precede the principal
(focal) movement of the arm. A study by Santos et al. (2010a) revealed that unpredictable
perturbations, which were not associated with any anticipatory corrections, induced large
compensatory changes in the angular positions of the ankle, knee, and hip joints, and larger
displacements of the COM followed by displacements of the COP. In contrast, APAs seen in
conditions with predictable perturbations initiated COP displacements, resulting in better
arrangement of the body position prior to the impact; this led to smaller compensatory
COP-COM excursions and smaller displacements in the lower extremities joint angles after
the impact.

In conditions of high instability demands, the central nervous system may suppress
APA as a protection against their possible destabilizing effects. In fact, a relation between
APA and compensatory postural adjustments has been demonstrated in the first part of
a study by Santos et al. (2010a). Based on the results of their study, they are suggesting
the existence of an optimal utilization of APA in postural control.

2.3 Experimental Paradigms for Studying Postural Control
in Standing

Studies of postural control of bipedal stance are predominantly conducted by observing
the human motor behavior as a result of unpredictable external postural perturbations.
Experimenters observe and record body segment motions, reaction forces and torques be-
tween the feet and the ground when forces, acting externally to the joint(s) of interest,
perturb balance. The observed connection between motor reactions to the given perturba-
tion and the nature of perturbation itself is then used to identify certain patterns of CNS
functioning.

Quiet Standing

A very common paradigm, which appears deceptively simple, is maintaining standing pos-
ture in the context of the steady force due to gravity (Collins & De Luca, 1994). Although
gravity is constant, equilibrium is unstable and small fluctuations are seen in balance mea-
sures that reflect continuous and intermittent muscle activity. The so-called quiet standing
has been the subject of many studies and usually involves measuring the displacement of
the COP in both anteroposterior and lateral directions. A pattern of small corrections of
the upright body position which are made to oppose the destabilizing effect of gravity is
known as postural sway. Recently Sarabon et al. (2010) investigated the sensitivity of body
sway parameters during quiet standing to manipulation of support surface size. Subjects
had to perform different balance tasks (parallel stance, semi-tandem stance, tandem stance,
contra-tandem stance, single leg stance) for a period of 60 s on a force plate. During the
trials the total COP distance, the oscillations amplitude and the frequency of oscillations
were measured. Their study revealed that the monitored parameters of the COP were
highly sensitive to the support surface size manipulations. The parameters which describe
the total COP distance were the most sensitive to changes in the balance task, whereas
the frequency of oscillation proved to be sensitive to a slightly lesser extent.
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Self-imposed Perturbations

The second paradigm involves perturbations to posture that result from the test subject’s
own actions like displacing the limbs in a forward extended position (Slijper & Latash,
2000; Wing et al., 1997). For example a study by Hatzitaki et al. (2005) addressed the
aging effects on the development of postural synergies in response to self-imposed pertur-
bations. Two groups of older and younger participants performed repeatedly for 5 s hip
flexion/extension movements using a full range of motion and maximum velocity. They
concluded that performance of repeated single limb oscillations revealed altered postu-
ral responses in older adults characterized by a limited range of motion, weaker postural
synergies and increased ankle instability.

Support-surface Translations and Rotations

To induce these postural perturbations, a use of a movable platform on which a human
subject is standing is commonly used. These support surface perturbations replicate the
conditions of slipping, tripping, stepping on an irregular surface, or accelerating or de-
celerating the support surface during vehicular motion. Platform motions can be either
translational or rotational.

During platform translation, the body’s base of support moves to a new position rel-
ative to space, while, during rotation, the tilted support base remains stationary relative
to space. Balance disturbance induced by platform translation would be greater than that
induced by platform rotation. The balance reaction to platform translation is to move
the COM forward or backward to the new position within the displaced base of support.
For platform rotation, the balance reaction is to minimize the displacement of the COM
and to restore postural stability on the tilted support base (Szturm & Fallang, 1998). A
recent study by Chen et al. (2014) confirmed that the rotational and translational pertur-
bations induce different responses. They showed that the translational and forward /toe-up
(rotation) perturbations induce larger upper body movements and faster and larger hor-
izontal displacement of the COM than the toe-down rotation. Therefore, the two types
of perturbations provide different insights into CNS functioning and have to be studied
accordingly.

The motion of the platform is usually specified by the displacement from the original
position or orientation, maximum velocity and maximum acceleration and deceleration.
The displacement of the platform can also be defined by a fixed duration of its predefined
motion.

Waist-pulls

The application of the perturbation at the waist is another type of postural perturbation
that is used in several postural control studies (Hsiao-Wecksler et al., 2003; Mansfield &
Maki, 2009; Mille et al., 2013; Pidcoe & Rogers, 1998). The study from Mansfield and
Maki (2009) about age-related balance reaction impairments compared support surface
translation perturbation and weight-drop waist-pull perturbation. Their findings showed
that the surface translation is more destabilizing than waist-pull and could potentially be
more effective in revealing age-related deficiencies of postural control. Other authors like
Mille et al. (2013) or Peternel and Babi¢ (2013) used a motor-driven waist-pull mechanism
with cables attached to the human waist. In the first case, the waist-pull mechanism was
used to perturb the subjects in both anteroposterior and lateral directions to investigate the
stepping response in two different age groups. In the second case, the motor-driven pulling
mechanism was used to transfer the human postural skill to the humanoid robot. The
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mechanism was used to allow the human to perceive the postural perturbation experienced
by the robot and extract the appropriate reactions.
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Chapter 3

Aims and Hypotheses

The preceding sections of the introduction highlighted the various biomechanical, and
sensory mechanisms involved in postural control during standing with and without the
additional hand support. The studies of this thesis aim to contribute to the understand-
ing of how additional supportive hand contacts affect human motor control in disturbed
pure-standing and combined standing-motor tasks. Specifically, I focused on the mecha-
nisms and strategies of motor control in balancing tasks that included holding a handle
or establishing hand contacts which in some manner augmented and/or facilitated balance
control.

The aims of each study were to:

e Investigate the effects and the underlying mechanism of a supportive hand contact
on postural control during a prolonged exposure of standing balance to perturbations
Study I.

e Faithfully categorize handle positions in connection with posture configurations, by
accounting for whole-body movement and forces exerted on the handle Study II.

e Examine the mechanisms of assisted balance recovery and the associated loads on
the body Study II.

e Investigate the effects of active choice of supportive contacts on motor control Study

I11.

e Determine whether the supportive hand motions leading to contacts can predict the
goal-directed reaching movements Study III.

3.1 Hypotheses

H1 A supportive hand contact will have a significant influence on postural balance, eval-
uated with the movement of the COM and COP, during a prolonged exposure to
external perturbations.

H2 Utilization of the hand contact will be more prominent for postural perturbations in
the backward direction, which are more threatening than the perturbations in the
forward direction.

H3 Using an additional hand support will not only change the posture of the human body
while the hand is in contact with the handle, but will also contribute to a change
after the release of the handle.
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H4 Holding a handle, mounted at different vertical positions, amid discrete perturbations
of the COM while standing, will affect the mechanisms of balance control differently.

H5 Holding a handle, positioned at shoulder height, would have the greatest positive
influence (lowest forces exerted on the handle and minimal recorded movement of
the participant) on balance control.

H6 The motion of the arm reaching toward a target will determine the supportive hand
contact strategies.

H7 Both motor tasks, reaching to a target and establishing a supportive contact, will
adapt to the novel environment during consecutive repetitions of the task.

H8 There is a significant correlation between the tasks of reaching toward a target and es-
tablishing a supportive contact which would reflect in synchronized motor executions
and a correlation between target locations and supportive hand contacts.

Overall, the results of this dissertation that arose from the experimental studies can be
applied to improve human rehabilitation techniques, treatment of various postural control
disorders or to produce more efficient support aids such as wearable robots (exoskeletons).
Furthermore, since falls are becoming an increasingly large problem, understanding of the
underlying motor processes is crucial for designing efficient fall prevention aids and exercise
protocols. Moreover, the same studies can potentially provide solutions to robot control
as well. The emergence of service robotics was aimed to build robots to assist humans in
various tasks in the human environment. In attempt for the robots to best fit into such an
environment, researchers emulated the human body structure to build humanoid robots.
The similar structure of humanoid robots offers both practical and social benefits. Yet
the bipedal nature brings the same drawbacks as with humans. The intrinsically unrobust
balance of such robots requires proficient control mechanisms and strategies dedicated to
postural control. Findings from human postural control studies could provide a shortcut
for achieving adequate humanoid robot control algorithms.
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Thesis at a Glance

19

Table 4.1: Thesis at a glance. Outline of the studies along with short summaries of their

results and conclusions.

Study Question

Methods

Results

Conclusions

How humans
utilize arms
to augment
balance
control?

How does the
location of
I the handle
alter balance
control?

How humans
coordinate
supportive
contacts and
postural
control?

11

COP, forces exerted on
the handle, EMG of
postural muscles and
full-body movement was
recorded during standing
with continuous
perturbations under two
conditions - holding a
handle and standing
freely

Measured whole-body
movement (COM
displacement), forces
exerted on the handle
and total body effort
(produced torque in the
joints) during 8
perturbation magnitudes
applied to the
participants’ COM in 5
postural configurations
(step stance, normal
stance with or without
holding handles at
different heights)

COP, motions of both
hands and contact
locations of supportive
and task performance
contacts were measured
during reaching towards a
visual target.

COP movement strongly
correlated to the
perturbation force and
was more prominent in
the anterior direction,
hand forces were larger
during posterior
perturbations

Compared to normal
stance, step stance and
holding handles at
different vertical positions
sufficiently assisted
balance recovery. There
was no significant effect
of handle in COM
displacement. The
shoulder height handle
required the lowest
handle force.

Participants adapted to
the perturbations by
establishing target
dependent hand contacts.
Trunk motion adapted
significantly faster than
the motion of the arms.
Observations of the initial
phase of the left arm or
trunk motion (100-400
ms) were sufficient to
faithfully predict the
complete movement of
the right arm

Supportive hand contacts
are efficiently used for
balance control during
continuous postural
perturbations and such
utilization of a handle has
significant immediate and
transitionary effects on
the whole body posture.

The use of different
handles had a similar
effect on balance control,
the lowest forces were
exerted on the shoulder
height handle indicating a
preferred handle position
for balance recovery.

Goal-directed arm
movements determine the
supportive arm motions
and motion of heavy
body parts adapt faster
than the light arms.
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Chapter 5

Study I - Utilization of Hand
Contacts to Augment Balance
Control

In this part, I present the results of the first study in which we focused on mechanisms
of a supportive hand contact on postural control during continuous exposure to balance
perturbations. People often experience such perturbations while standing on a moving
bus or train and usually we hold on to a nearby handle or some other object to facilitate
balance control and to prevent a fall. The main research question of this study was how
does the control of balance change during the prolonged exposure to perturbations that
vary in magnitude and direction and whether (and how) holding a handle affects this
control. Changes in control of posture during continuous perturbations were also of special
interest to us, since the majority of the perturbation-based balance control experiments
involve only discrete perturbations. It is known that discrete perturbations predominantly
evoke feedback motor responses (reactive responses) and our goal with this experiment
was to explore the feed-forward component of the motor response (anticipatory postural
adjustments).

Figure 5.1: Study I. Utilization of hand contacts to augment balance control.

With this in mind we designed an experiment where we used a waist-pull mechanism to
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apply continuous perturbations to the COM of the participants. During the perturbations,
we recorded their motor behavior in both conditions: when they were holding a handle
or standing freely. This setup enabled us to effectively test the first three hypotheses of
this thesis (H1-H3), where we speculate about the role and mechanisms of an additional
support to balance.

The analysis of the experimental data was conducted in two parts. In the first part I de-
scribe the changes in posture due to the additional hand contact. The results are summed
up in the paper "Holding a Handle for Balance during Continuous Postural Perturbations —
Immediate and Transitionary Effects on Whole Body Posture" by Jernej Camernik, Zrinka
Potocanac, Luka Peternel and Jan Babi¢ (éamernik et al., 2016). The paper was published
in a peer-reviewed journal Frontiers in Human Neuroscience in 2016. As a first author, I
designed and performed the experiment, analyzed the data including programming of the
data analysis procedures, and wrote the manuscript. The results of this analysis showed
that the COP displacement was significantly affected by the additional support (holding a
handle), resulting in smaller excursions in both anterior and posterior directions. Further-
more, we found that the fluctuations of the COP strongly correlated with the perturbation
force, especially with the perturbations directed to the anterior direction. This implies
that participants used the handle more for counteracting the backward-directed perturba-
tions. When the participants released the handle, their posture changed as well. We found
that participants flexed more in all lower body joints and had significantly higher values
of muscle activation of the lower leg and trunk muscles when they were standing freely.

In the second part, I present additional results of the same experiment. I analyzed
the postural control variable (COP displacement) in frequency domain by using the power
spectrum density function. Based on the findings that the COP excursions and handle
forces correlated with perturbation direction, the aim of this analysis was to explore how
low and high perturbation frequencies are modulated by additional hand support. Results
show that when the participants were holding a handle, the share of high frequencies (> 1
Hz) was lower, the share of low frequencies (< 0.25 Hz) was higher and the share of medium
frequencies (0.25 — 1 Hz) remained the same. This result implies that higher perturbation
frequencies are harder to control when standing freely even though the perturbation force
is fairly low. An important aspect of effective balance control is also how much energy is
needed to successfully accomplish this task. By using a simplified whole-body model and
the inverse dynamics procedure I aimed to calculate the work done in each standing condi-
tion. Results show that the total body work was significantly higher when the participants
were standing freely, in spite of inclusion of the arm joints in the calculation when they
were holding a handle.
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When balance is exposed to perturbations, hand contacts are often used to assist
postural control. We investigated the immediate and the transitionary effects of
supportive hand contacts during continuous anteroposterior perturbations of stance
by automated waist-pulls. Ten young adults were perturbed for 5 min and required
to maintain balance by holding to a stationary, shoulder-high handle and following its
removal. Center of pressure (COP) displacement, hip, knee and ankle angles, leg and
trunk muscle activity and handle contact forces were acquired. The analysis of results
show that COP excursions are significantly smaller when the subjects utilize supportive
hand contact and that the displacement of COP is strongly correlated to the perturbation
force and significantly larger in the anterior than posterior direction. Regression analysis
of hand forces revealed that subjects utilized the hand support significantly more during
the posterior than anterior perturbations. Moreover, kinematical analysis showed that
utilization of supportive hand contacts alter posture of the whole body and that postural
readjustments after the release of the handle, occur at different time scales in the hip,
knee and ankle joints. Overall, our findings show that supportive hand contacts are
efficiently used for balance control during continuous postural perturbations and that
utilization of a handle has significant immediate and transitionary effects on whole body
posture.

Keywords: falls, handle, grasping, postural balance, balance recovery

INTRODUCTION

With aging society, falls are becoming an increasingly large problem. A large proportion of falls
occur due to the improper weight shifts (Robinovitch et al., 2013) and impaired postural control is
a landmark of aging (Maki and MclIlroy, 2006; Mansfield and Maki, 2009). When postural control
is impaired, handrails, canes and handles are often used to assist maintaining balance by providing
additional supportive contacts with the environment. This indicates that holding onto a physical
aid is beneficial for postural control.
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With respect to the use of hand contacts for postural control,
one of the widely investigated phenomena is “light touch” (Jeka,
1997; Krishnamoorthy et al., 2002). These light, fingertip contacts
with stationary objects can extend the base of support (Bateni
and Maki, 2005) and provide an additional sensory input, which
helps individuals to better position them in space (Jeka, 1997).
Such sensory information improves postural control in quiet
standing by reducing the amplitude of center of pressure (COP)
movement (Jeka, 1997; Johannsen et al., 2007; Kouzaki and
Masani, 2008; Wing et al., 2011).

On the other hand, in case of perturbed balance reaching arm
movements with the aim to grasp for a nearby object is a widely
utilized change-in-support strategy (Maki and McIlroy, 2006).
Such hand contacts provide mechanical support in addition
to the sensory augmentation of the light touch and thus offer
a better stabilizing potential in the presence of perturbations
(Maki and McIlroy, 1997). Specifically, holding onto a handle
increases the base of support of a standing individual and enables
a person to generate necessary hand forces to better counteract
the perturbations (Babic et al., 2014; Sarraf et al., 2014). A recent
study by Babit et al. (2014) showed that the location of the
supporting hand contact is important to maximize its stabilizing
potential and that the peak forces exerted at the handle during
the support surface perturbations are related to the location of
the handle.

Aforementioned studies were based on the discrete
perturbations of balance which predominantly evoke feedback
postural responses. A major component of such responses
is comprised of motor actions that are related to various
sensorimotor reflexes and to a lesser extent to the feed-forward
components of the postural control (Mergner, 2010). Moreover,
the discrete perturbations evoke reach-to-grasp arm movements
even when the perturbations are so light that they do not
physically disturb postural balance (Mcllroy and Maki, 1995;
Corbeil et al,, 2013). In contrast to the discrete perturbations
of balance, perturbations that continuously disturb postural
balance evoke both feedback and feed-forward components of
motor action and in this sense offer a complementary insight
into the postural control (Dietz et al., 1993; Schmid et al., 2011).

The remaining question is what is the role of hand contact
during continuous perturbations? Therefore, the aim of this
article is to study situations where balance of an individual
is challenged by continuous postural perturbations and to
investigate the role of supportive hand contact in counteracting
postural perturbations. Specifically, our goal was to investigate
the immediate and the transitionary effects of a supportive hand
contact on postural control of an individual whose balance
is challenged by continuous anteroposterior perturbations of
stance.

Our hypothesis is that a supportive hand contact has a
significant influence on postural balance by reducing the COP
excursion during the perturbation and that the utilization of
the hand contact is more prominent for postural perturbations
in the backward direction which are more threatening than
the perturbations in the forward direction. Moreover, we
hypothesize that utilization of the additional hand support not
only alters posture of the human body while the hand is in

contact with the environment but also after the release of the
handle. To effectively address these hypotheses, we developed
an experimental framework where we continuously perturbed
postural balance and investigated the relationships between
the perturbation force and the COP displacement, kinematical
parameters of the human body, and the forces exerted by the
supportive hand.

MATERIALS AND METHODS

Participants

Thirteen healthy right-handed young adults participated in this
study after giving their written consent. Data of three subjects
were excluded from the analyses due to technical problems
during acquisition, therefore we used the data of ten subjects
(average age = 22.3 years, SD = 2.2 years, average height
179.2 cm, SD = 59 cm and average weight = 76.9 kg,
SD = 8.2 kg). The experimental procedures conformed to the
latest revision of the Declaration of Helsinki and were approved
by the Slovenian National Medical Ethics Committee (No.
112/06/13).

Measurement Protocol

Subjects were asked to step on a force plate, stand straight
with the feet placed at hip width and look straight ahead. They
were required to keep upright posture and maintain balance
without making any unnecessary corrective steps while their
balance was continuously perturbed in anteroposterior direction
by a motorized waist-pull system (Peternel and Babic, 2013) as
depicted in Figure 1. During the experiment, the subjects were
not allowed to change their base of support. We marked their
individual standing position on the force plate prior to the start
of the experiment which was used as a reference for foot position
during the experiment. This ensured that the different stance
width would not affect subjects’ balance since it has been shown
by Bingham and Ting (2013) that active torque at ankle and
hip joints scale with stance width. To emulate mild, daily life
perturbations such as those during riding on buses, subways and
trains (Graaf and van Weperen, 1997) the motorized waist-pull
system perturbed the subjects using a band-pass filtered white
noise signal (0.25-1.00 Hz) with the maximal perturbation force
of 11% of the subjects’ body weight (Figure 2).

The experiment consisted of two consecutive 5 min trials
of different standing conditions: balancing while holding to a
handle [with-handle (WH)] and without holding to a handle
[no-handle (NH)]. First, the subjects were exposed to 5 min of
perturbations in the WH trial. In the WH trial, subjects held
onto a stationary handle (diameter = 3.2 cm, length = 12 cm)
positioned at shoulder height with their right hand. After 5 min
the perturbation stopped, subjects released the handle and folded
their arms across their chest. Then, on average less than 60 s
later, the second trial of 5 min of perturbation started (NH trial).
In the NH trial, subjects were standing with their arms folded
across their chest. In both trials, subjects were instructed to look
straight ahead at all times at a fixed point positioned at the
subject’s eyelevel and 3 m in front of the experimental setup.
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FIGURE 1 | Experimental setup. The subject is standing on a force plate,
wearing a waist belt connected to the motorized waist-pull system which
generated translational force perturbations in the anterior-posterior direction
using a band-filtered white noise signal constructed to emulate mild, daily life
perturbations.
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FIGURE 2 | Perturbation signal sample. Solid black curve represents first
60 s of mean perturbation signal from all 10 subjects with +1 standard error of
the mean (gray shade around the curve). In the first 10 s of each trial the
perturbation value was at 0 N—quiet phase. After 10 s (perturbation onset),
the perturbation gradually increased with alternated direction and

amplitude— perturbation phase. Positive values of mean perturbation force
represent forces in anterior direction and negative values represent forces in
posterior direction. The perturbation signal was identical in both trials.

To induce response adaptations (Van Ooteghem et al., 2008;
Schmid et al,, 2011), the subjects were allowed to familiarize
with the experimental procedures prior to the main experimental
trials.

Kinetic data were collected using a force plate (9281CA,
Kistler Instrumente AG, Winterthur, Switzerland) under the
subjects’ feet and a 3-axis force sensor (45E15A, JR3, Woodland,
CA, USA) on the handle, both at 1000 samples/s.

Kinematic data were collected at a sampling rate of 100
samples/s using a contactless motion capture system (3D
Investigator, Northern Digital Inc., Waterloo, ON, Canada)
consisting of a 3 x 3 camera array. Nine active markers

were placed at the apparent axis of rotation of the fifth
metatarsophalangeal, ankle, knee, hip, shoulder, elbow and wrist
joints on the subject’s right side as well as at the base of the
platform and the handle.

Anteroposterior displacement of the subject's COP was
derived from the force plate data. In the first 10 s of each trial,
the subjects stood quietly (holding a handle with right hand in
the first trial, or both arms folded across their chest in the second
trial) and no perturbation was applied at the waist (see Figure 2
for reference regarding perturbation signal). The mean COP
position from this time period (we refer to this as quiet phase)
served as a baseline for calculation of COP excursions in the
anterior and posterior direction in the following perturbations
(perturbation phase).

Handle forces were calculated by considering the torques of
the lever (distance from force sensor to the middle of the subject’s
hand on the handle). Kinematic data were low pass filtered
(zero lag, 2nd order Butterworth filter with a cut-off frequency
20 Hz). Ankle angle was calculated as the angle between the
foot (line connecting the fifth metatarsal and ankle) and the
shank (line connecting the ankle and the knee), knee angle as
the angle between the shank and thigh (line connecting the
knee and the hip), and hip as the angle between the thigh and
torso (line connecting the hip and the shoulder). To evaluate
the adaptation effects of releasing the handle in the NH trial,
an exponential fit of group average joint angles was calculated
(Franklin et al., 2003). Adaptation was considered as final once
the given joint angle reached the plateau defined by three
time constants of the fitted exponential decay function, i.e.,
once the fitted exponential decay function fell to 5% of its
starting value (Honeine et al., 2015; Asslinder and Peterka,
2016).

Electromyographical (EMG) electrodes were placed on the
right leg (TA, Tibialis Anterior; GA, Gastrocnemius Lateralis;
and trunk (MF, Multifidus; OE, Obliques Externus) muscles
and their activity was measured using Biometrics DataLOG
MW8X at a sampling rate of 1000 samples/s. Preparation
of the skin and positioning of the electrodes was performed
according to the SENIAM protocol (Hermens et al, 2000).
Before the start of the experiment, subjects performed three
maximal voluntary contractions (MVC) against resistance of
each of the measured muscles. MVC’s were used in EMG
post-processing for normalization, to establish a common
ground when comparing data between subjects. All EMG
signals were band-pass filtered (zero lag, 2nd order Butterworth
filter with cut-off frequencies of 20 and 450 Hz), full-wave
rectified and low pass filtered (zero lag, 2nd order Butterworth
algorithm, 10 Hz cut-off frequency). Finally, EMG signals
were normalized with respect to the MVCs and integrated
over time (iIEMG) to express the magnitude of muscle
activity.

We divided COP excursions and contact forces exerted on the
handle in two data sets based on their direction—anterior and
posterior. For each data set, average values from all 10 subjects
were calculated and used in the statistical analysis.

Average hip, knee and ankle angles over the 5 min for each
subject were calculated and used for statistical analysis.
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Differences between COP displacement in the anterior and
posterior directions and subject average joint angles were
analyzed using paired samples t-tests. Differences between the
WH and NH trials in subject average COP displacements were
analyzed for the anterior and posterior directions separately,
using a paired samples t-test. The relationship between group
average COP excursion and the magnitude of the perturbation
and between group average perturbation magnitude and the
exerted handle contact force was analyzed using separate linear
correlations for anterior and posterior directions. All statistical
analyses were performed using SPSS 21 Inc., Chicago, IL, USA at
a = 0.05. Effect size (d) was calculated using standard Cohen’s
equation (Cohen, 1988).

RESULTS

Supportive Hand Contact has Significant
Influence on Postural Balance by Reducing

COP Excursion during Perturbation

The diagram in Figure 3 shows the comparison of mean
COP excursion between the conditions when the subjects
counteracted postural perturbations without using the additional
hand contact (NH) and when they did use the handle (WH).
Paired samples t-test showed significant effect in reducing the
mean COP excursion when the subjects were holding to the
handle compared to when they did not hold to the handle. The
differences of COP excursion were significantly larger both in the
anterior direction (difference of 20.3 mm, t9) = 7.78, p = 0.001,
d = —4.15) and posterior direction (difference of 23.9 mm,
to) = —11.09, p = 0.001, d = —3.8).
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FIGURE 3 | Comparison of center of pressure (COP) excursion
between trials when subjects either used additional hand contact or
not. Bars represent mean COP excursion during no-handle (NH) and
with-handle (WH) trials for the anterior (positive) and posterior (negative)
directions. Error bars indicate +1 standard error of the mean. Statistically
significant differences are indicated (*p < 0.02).

Utilization of Hand Contact is more
Prominent for Postural Perturbations in
Backward Direction than for Perturbations

in Forward Direction

In both, NH and WH trials, the COP excursion was larger in
the anterior direction (mean 4 SE: NH 38.5 + 1.6 mm, WH
18.2 £ 1.2 mm) compared to the posterior (mean + SE: NH
—349 4+ 2 mm, WH —11.0 £ 1.5 mm), but this difference
was significant only for the WH trial (t©) = 2.81, p = 0.02,
d=1.52).

We further assessed the effects of utilizing the additional
hand contact, and the direction and intensity of perturbation
on the maximal COP displacement. The diagrams in Figure 4
show correlations between the perturbation force and the
group average COP excursion during NH and WH trials.
Additionally, the correlation between the perturbation force
and the handle force is shown for the WH trials. The group
average COP excursion was strongly correlated with perturbation
force in both posterior (r, = 0.77 and r, = 0.67) and anterior
(ra = 0.82 and r, = 0.89) directions in the NH and WH
trials, respectively (all p < 0.001). Similarly, the forces that
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FIGURE 4 | Correlations between perturbation force and (A) COP
excursion in NH trial, (B) COP excursion in WH trial and (C) handle
force in the WH trial. Correlations were calculated separately for the anterior
(positive) and posterior (negative) direction.
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subjects applied on the handle was also strongly correlated
with the perturbation force (Figure 4C) in both anterior
(rp = 0.85, p < 0.001) and posterior directions (r, = 0.81,
p < 0.001). Moreover, the slope of the regression line is
significantly larger for perturbations in the posterior direction
(kp = 1.3), compared to the perturbations in the anterior
direction (k, = 0.86).

Supportive Hand Contact Affects Whole
Body Posture

To investigate how the additional hand contact affects the body
posture during the perturbations, we compared the mean values
of ankle, knee and hip joint angles between the conditions when
the subjects counteracted perturbations without the additional
hand contact (NH) and when they did use the handle (WH). The
comparison is shown in the diagram in Figure 5.

Multiple paired samples ¢-tests showed significant effect of
the hand contact on all three observed joint angles. Specifically,
mean joint angles were significantly lower during the NH trials
compared to the WH trials. Differences were the largest in the
knee (mean &+ SE: 165.1 4 1.9° for NH, 173.2 4+ 1.5° for WH,
t9) = —6.70,p < 0.001, d = 1.4), followed by the hip (mean =+ SE:
171.4 & 2.8° for NH, 181.5 + 1.6° WH, t9) = —6.68, p < 0.001,
d =1.1) and the ankle (mean 4= SE: 108 & 1.2° for NH, 112 £ 1.1°
WH, t(9) = —5.67, p < 0.001,d = 1.1).

Utilization of Hand Contact has
Non-Uniform Transitionary Effect on Whole

Body Posture after Release of Handle

To investigate the effect of supportive hand contact on the body
posture, an exponential curve was fitted to the group average
ankle, knee and hip joint angles calculated during the NH trial
that immediately followed the WH trial (Figure 6).

Exponential fits revealed that postural readjustments after the
release of the handle did not occur simultaneously throughout
the body. Instead, the readjustments occurred at different time
scales in the hip, knee and ankle joints. Specifically, joint angles
stabilized first in the ankle (mean & SE: 133 & 103.5 s after
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FIGURE 5 | Comparison of body posture between trials when subjects
either used additional hand contact or not. Bars represent mean ankle,
knee and hip joint angles during NH and WH trials. Error bars indicate +1
standard error of the mean. Statistically significant differences are indicated
(*p < 0.02).
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FIGURE 6 | Ankle (A) knee (B) and hip (C) angles over the time course
of the perturbation. Thin solid lines represent mean joint angles from all 10
subjects during NH and WH trials. Thick solid lines represent exponential
curve fit denoting adaptation of joint angles in the NH (red color) and WH trials
(gray color), while shaded areas represent 1 standard error of the mean of
the exponential decay curve. Mean R? value for the exponential decay curves
for ankle joint in the NH trial was mean + SE: 0.27 + 0.086, for the knee joint
mean + SE: 0.31 & 0.08 and for the hip joint mean + SE: 0.61 + 0.08. The
dotted vertical lines represent perturbation onset while the dashed vertical
lines indicate the mean time of stabilized changes in the joint angles after
perturbation onset.

perturbation onset), followed by the hip (mean =+ SE: 188 £90.8 s
after the perturbation onset) and finally in the knee (mean =+ SE:
195 &+ 92.5 s after the perturbation onset). However, a paired-
samples t-test did not show statistically significant difference
between any of the compared pairs due to the high variability of
data.

Analysis of Muscle Activity

Muscle activity was significantly lower during the WH trial
than during the NH condition both for the leg muscles (GA
to) = 3.57, p = 0.04, d = —0.8%; TA t«) = 6.41, p = 0.002,
d = —23 1.85) and one of the trunk muscles (MF t©) = 6.5,
p = 0.001, d = —1.01), as can be seen in Figure 7. Leg
muscle activity was 18.4 £ 4.9% lower in the GA (mean =+ SE:
NH: 289 + 6.5% MVC, WH: 10.6 £ 2.3% MVC) and for
23.7 & 3.5% in the TA (mean + SE: NH: 27.2 £+ 4% MVC,
WH: 3.47 £ 1.88% MVC), while the trunk muscle activity was
14.3 £ 2.1% lower in the MF (mean £ SE: NH: 36.2 &+ 4.5%
MVC, WH: 21.8 &+ 3.7% MVC), but no significant change was
observed in the OE (mean =+ SE: NH: 10.4 &+ 7.4% MVC, WH:
8.97 + 4.63% MVC).
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FIGURE 7 | Comparison of integrated Electromyographical (EMG)
between trials when subjects either used additional hand contact or
not. Bars represent iEMG of four muscles (GA, Gastrocnemius Lateralis;

TA, Tibialis Anterior; OE, Obliques Externus; MF, Multifidus) during NH and WH
trials. Error bars indicate +1 standard error of the mean. Statistically significant
differences are indicated (*p < 0.02).

DISCUSSION

We investigated how subjects used an additional hand support
(handle) to maintain upright posture when exposed to
mild and continuous perturbations elicited by waist-pull
apparatus in the anteroposterior directions. The use of handle
reduced the destabilizing effect of the applied perturbation
by reducing the excursions of COP. These results are in line
with previous studies that investigated light-touch contacts.
Those studies found a reduction of COP excursions during
bipedal stance with (Johannsen et al, 2007; Hausbeck et al,
2009) and without externally applied perturbations (Jeka,
1997; Krishnamoorthy et al., 2002; Kouzaki and Masani,
2008). However, in our case the handle compensated for
a significant load and served more than just a light-touch
contact. The mean force in the handle was over 24 N
(mean =+ SE: 24.5 £ 7.9 N) where in other light-touch studies,
contact forces usually did not exceed 3 N (Krishnamoorthy
et al, 2002; Johannsen et al., 2007; Kouzaki and Masani,
2008). Comparison between measured mean handle force and
mean perturbation force, which was ~20 N (mean =+ SE:
19.5 £+ 1.7 N), indicates that a significant portion of
perturbation on postural stability was counterbalanced by the
hand.

COP excursions were strongly correlated with the
perturbation force in both directions, indicating the
perturbations were effective, albeit mild. When holding a handle,
the excursions of the COP were larger in the anterior than in
posterior direction and less correlated with the perturbation
force. Due to the specifics of our design, ie., the use of a
continuous perturbation, it was impossible to investigate pure
feedback postural responses to the specific direction of the
perturbation. However, asymmetry in COP excursion might to
be due to a differential use of the handle, indicated by a steeper
slope of the regression line between the perturbation force and
the forces exerted on the handle for the posterior direction.

This indicates that subjects have utilized the handle more when
they counteracted the posterior COP excursions. This may be
related to a more threatening situation due to the inability of
the subjects to see (look) behind them, as the directions to
the subjects were to look straight ahead at all times, and due
to smaller stability margin in the posterior direction (Pai and
Patton, 1997; Hof et al., 2005). This finding is in line with our
previous study using a similar handle location and discrete
perturbations caused by support platform translations, in which
COP excursions were larger in the anterior direction (Babic
etal., 2014).

Using a handle for balance support was beneficial, since it
resulted in less displacement of COP and a smaller deviation
from the neutral posture, as evident by the average joint
angles. Measured joint angles in WH condition stayed closer
to the neutral anatomic position than joint angles in the
NH condition. Additionally, leg and trunk muscle activity
was also significantly lower during the WH trial compared
to the NH trial. This is consistent with the decreased leg
muscle activity reported previously, when subjects had to hold
(Cordo and Nashner, 1982) or touch (Sozzi et al., 2012)
a surrounding object. Unlike other muscles, we found no
decrease of muscle activity in the OE, which controls the
rotation of the torso (Ng et al, 2001). The unilateral hand
support might have caused a rotation of the trunk, which
the subjects had to counteract by the OE activity. Prior
to experiments we instructed subjects to use the handle in
any way they prefer. Overall reduced muscle activity in legs
and trunk and increased activity in arm muscles in case of
using handle indicate that a portion of significant perturbation
load was shifted from legs/trunk to arms. The same can be
confirmed by high measured handle forces and lesser COP
excursions in case of WH trial. The use of hand contact
to compensate a significant portion of perturbation, even
though it could be counteracted solely by legs/trunk, might be
preferred since legs in a stance already have to compensate
the load of the body mass (Bateni and Maki, 2005; Mergner,
2010).

Finally, when subjects had to release the handle for balance
control they prepared for the more difficult NH condition even
before the perturbation onset, as evident from differences in
the starting joint angles. When the perturbation began this
preparation was even more pronounced and joint angles changed
further. These postural readjustments appear to occur at different
time scales in the hip, knee and ankle joints, however that was
not statistically confirmed. The subjects bended their ankle, knee
and hip joints which resulted in a more flexed leg and lower
hip position. Hip position can serve as an indication of the
COM position and lowering of the COM could facilitate balance
control (Rosker et al., 2011). Hence, these changes indicate feed-
forward preparation to ease control of balance when expecting
more challenging conditions, i.e., in the absence of handle. Along
the same line, anticipation of the upcoming perturbations was
also reported to cause changes in kinematics during quiet stance
(Santos et al., 2010), walking (Pijnappels et al., 2001), recovery
stepping (Pater et al., 2015) and tripping (Potocanac et al,
2014).

Frontiers in Human Neuroscience | www.frontiersin.org

September 2016 | Volume 10 | Article 486



Camernik et al

29

Holding a Handle for Balance

AUTHOR CONTRIBUTIONS

JC, LP and JB designed the study. JC and LP performed the
experiments. JC, LP, ZP and JB analyzed the data and wrote the
manuscript.

REFERENCES

Asslander, L., and Peterka, R. J. (2016). Sensory reweighting dynamics following
removal and addition of visual and proprioceptive cues. J. Neurophysiol. 116,
272-285. doi: 10.1152/jn.01145.2015

Babid, J., Petri¢, T., Peternel, L., and Sarabon, N. (2014). Effects of supportive hand
contact on reactive postural control during support perturbations. Gait Posture
40, 441-446. doi: 10.1016/j.gaitpost.2014.05.012

Bateni, H., and Maki, B. E. (2005). Assistive devices for balance and mobility:
benefits, demands and adverse consequences. Arch. Phys. Med. Rehabil. 86,
134-145. doi: 10.1016/j.apmr.2004.04.023

Bingham, J. T., and Ting, L. H. (2013). Stability radius as a method for
comparing the dynamics of neuromechanical systems. IEEE Trans.
Neural Syst. Rehabil. Eng. 21, 840-848. doi: 10.1109/TNSRE.2013.
2264920

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences. 2nd Edn.
Mahwah, NJ: Lawrence Erlbaum Associates.

Corbeil, P., Bloem, B. R, van Meel, M., and Maki, B. E. (2013). Arm
reactions evoked by the initial exposure to a small balance perturbation:
a pilot study. Gait Posture 37, 300-303. doi: 10.1016/j.gaitpost.2012.
07.017

Cordo, P. J, and Nashner, L. M. (1982). Properties of postural
adjustments associated with rapid arm movements. J. Neurophysiol. 47,
287-302.

Dietz, V., Trippel, M., Ibrahim, I. K., and Berger, W. (1993). Human stance
on a sinusoidally translating platform: balance control by feedforward
and feedback mechanisms. Exp. Brain Res. 93, 352-362. doi: 10.1007/bf
00228405

Franklin, D. W., Osu, R., Burdet, E., Kawato, M., and Milner, T. E. (2003).
Adaptation to stable and unstable dynamics achieved by combined impedance
control and inverse dynamics model. J. Neurophysiol. 90, 3270-3282. doi: 10.
1152/jn.01112.2002

Graaf, B. D., and van Weperen, W. (1997). The retention of balance: an
exploratory study into the limits of acceleration the human body can
withstand without losing equilibrium. Hum. Factors 39, 111-118. doi: 10.
1518/001872097778940614

Hausbeck, C. J., Strong, M. J., Tamkei, L. S., Leonard, W. A., and Ustinova, K. I.
(2009). The effect of additional hand contact on postural stability perturbed by
a moving environment. Gait Posture 29, 509-513. doi: 10.1016/j.gaitpost.2008.
11.014

Hermens, H. J., Freriks, B., Disselhorst-Klug, C., and Rau, G. (2000).
Development of recommendations for SEMG sensors and sensor placement
procedures. J. Electromyogr. Kinesiol. 10, 361-374. doi: 10.1016/s1050-6411(00)
00027-4

Hof, A. L., Gazendam, M. G.J., and Sinke, W. E. (2005). The condition for dynamic
stability. J. Biomech. 38, 1-8. doi: 10.1016/j.jbiomech.2004.03.025

Honeine, J.-L., Crisafulli, O., Sozzi, S., and Schieppati, M. (2015). Processing
time of addition or withdrawal of single or combined balance-stabilizing
haptic and visual information. J. Neurophysiol. 114, 3097-3110. doi: 10.1152/jn.
00618.2015

Jeka, J. J. (1997). Light touch contact as a balance aid. Phys. Ther. 77,
476-487.

Johannsen, L., Wing, A. M., and Hatzitaki, V. (2007). Effects of maintaining touch
contact on predictive and reactive balance. J. Neurophysiol. 97, 2686-2695.
doi: 10.1152/jn.00038.2007

Kouzaki, M., and Masani, K. (2008). Reduced postural sway during quiet
standing by light touch is due to finger tactile feedback but not
mechanical support. Exp. Brain Res. 188, 153-158. doi: 10.1007/s00221-008-
1426-5

FUNDING

The work presented in this article was supported by the European
Community Framework Programme 7 through the CoDyCo
project, contract no. 600716.

Krishnamoorthy, V., Slijper, H., and Latash, M. L. (2002). Effects of different
types of light touch on postural sway. Exp. Brain Res. 147, 71-79. doi: 10.
1007/s00221-002-1206-6

Maki, B. E., and Mcllroy, W. E. (1997). The role of limb movements in
maintaining upright stance: the “change-in-support” strategy. Phys. Ther. 77,
488-507.

Maki, B. E., and Mcllroy, W. E. (2006). Control of rapid limb movements for
balance recovery: age-related changes and implications for fall prevention. Age
Ageing 35, iil12-iil8. doi: 10.1093/ageing/afl078

Mansfield, A., and Maki, B. E. (2009). Are age-related impairments in
change-in-support balance reactions dependent on the method of balance
perturbation? J. Biomech. 42, 1023-1031. doi: 10.1016/j.jbiomech.2009.
02.007

Mcllroy, W. E., and Maki, B. E. (1995). Early activation of arm muscles follows
external perturbation of upright stance. Neurosci. Lett. 184, 177-180. doi: 10.
1016/0304-3940(94)11200-3

Mergner, T. (2010). A neurological view on reactive human stance control. Annu.
Rev. Control 34, 177-198. doi: 10.1016/j.arcontrol.2010.08.001

Ng, J. K.-F., Parnianpour, M., Richardson, C. A., and Kippers, V. (2001).
Functional roles of abdominal and back muscles during isometric axial
rotation of the trunk. J. Orthop. Res. 19, 463-471. doi: 10.1016/s0736-0266(00)
90027-5

Pai, Y. C., and Patton, J. (1997). Center of mass velocity-position predictions
for balance control. J. Biomech. 30, 347-354. doi: 10.1016/s0021-9290(96)
00165-0

Pater, M. L., Rosenblatt, N. J., and Grabiner, M. D. (2015). Expectation of
an upcoming large postural perturbation influences the recovery stepping
response and outcome. Gait Posture 41, 335-337. doi: 10.1016/j.gaitpost.2014.
10.026

Peternel, L., and Babic, J. (2013). Learning of compliant human-robot interaction
using full-body haptic interface. Adv. Robot. 27, 1003-1012. doi: 10.
1080/01691864.2013.808305

Pijnappels, M., Bobbert, M. F., and van Dieén, J. H. (2001). Changes in walking
pattern caused by the possibility of a tripping reaction. Gait Posture 14, 11-18.
doi: 10.1016/50966-6362(01)00110-2

Potocanac, Z., de Bruin, J., van der Veen, S., Verschueren, S., van
Dieén, J., Duysens, J., et al. (2014). Fast online corrections of tripping
responses. Exp. Brain Res. 232, 3579-3590. doi: 10.1007/s00221-014-
4038-2

Robinovitch, S. N., Feldman, F., Yang, Y., Schonnop, R., Leung, P. M., Sarraf, T,
et al. (2013). Video capture of the circumstances of falls in elderly people
residing in long-term care: an observational study. Lancet 381, 47-54. doi: 10.
1016/S0140-6736(12)61263-X

Rosker, J., Markovic, G., and Sarabon, N. (2011). Effects of vertical center of mass
redistribution on body sway parameters during quiet standing. Gait Posture 33,
452-456. doi: 10.1016/j.gaitpost.2010.12.023

Santos, M. J., Kanekar, N., and Aruin, A. S. (2010). The role of anticipatory postural
adjustments in compensatory control of posture: 2. Biomechanical analysis. J.
Electromyogr. Kinesiol. 20, 398-405. doi: 10.1016/j.jelekin.2010.01.002

Sarraf, T. A., Marigold, D. S., and Robinovitch, S. N. (2014). Maintaining standing
balance by handrail grasping. Gait Posture 39, 258-264. doi: 10.1016/j.gaitpost.
2013.07.117

Schmid, M., Bottaro, A., Sozzi, S., and Schieppati, M. (2011). Adaptation to
continuous perturbation of balance: progressive reduction of postural muscle
activity with invariant or increasing oscillations of the center of mass depending
on perturbation frequency and vision conditions. Hum. Mov. Sci. 30, 262-278.
doi: 10.1016/j.humov.2011.02.002

Sozzi, S., Do, M. C., Monti, A., and Schieppati, M. (2012). Sensorimotor
integration during stance: processing time of active or passive addition or

Frontiers in Human Neuroscience | www.frontiersin.org

September 2016 | Volume 10 | Article 486



30 Chapter 5. Study I - Utilization of Hand Contacts to Augment Balance Control

Camernik et al

Holding a Handle for Balance

withdrawal of visual or haptic information. Neuroscience 212, 59-76. doi: 10.
1016/j.neuroscience.2012.03.044

Van Ooteghem, K., Frank, J. S., Allard, F., Buchanan, J. J., Oates, A. R,, and
Horak, F. B. (2008). Compensatory postural adaptations during continuous,
variable amplitude perturbations reveal generalized rather than sequence-
specific learning. Exp. Brain Res. 187, 603-611. doi: 10.1007/s00221-008-
1329-5

Wing, A. M., Johannsen, L., and Endo, S. (2011). Light touch for balance: influence
of a time-varying external driving signal. Philos. Trans. R. Soc. Lond. B Biol. Sci.
366, 3133-3141. doi: 10.1098/rstb.2011.0169

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Camernik, Potocanac, Peternel and Babit. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution and reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org

September 2016 | Volume 10 | Article 486



5.1. Additional Analyses and Conclusions 31

5.1 Additional Analyses and Conclusions

5.1.1 Frequency-domain representation of COP

In the above paper, the effects of additional hand support on the participants’ balance were
evaluated by analyzing the COP data from both trials in the time domain - quantitative
analysis. I extended that analysis, by transforming the signals from time domain, to
frequency domain, to search for the qualitative differences between both trials and estimate
the changes in postural strategy.

Researchers have previously shown that balance tests (equilibrium score and sway path)
after an exhausting exercise like walking (Lepers et al., 1997) or running (Nardone et al.,
1998) reveal significant detrimental effects on the ability to maintain standing balance. The
detrimental effects were shown in deteriorated ability of receiving sensory information and
their integration, resulting in a decreased muscular efficiency. By inspecting the frequency
profile of the COP, researchers (Dietz et al., 1980; Golomer et al., 1994) have shown that the
so-called high frequencies of the COP signal (1 - 20 Hz) mostly account for a somatosensory
feedback mechanism (i.e. information coming from the perception of touch or movement).
The light touch of a finger with a stationary object while standing freely initiates changes
in the COP position within the first 300 ms, however, a more prominent touch or holding
a handle enables a much faster response, close to 30 ms (Jeka & Lackner, 1994).

These findings emphasize the importance of additional contact of the body with the
environment to augment balance control, however, further qualitative investigations of
balance during prolonged exposure to perturbations still remain to be done. In the following
sections I first briefly explain the instrumentation and data acquisition which was used in
the study, since the methodology of the experiment is thoroughly explained in the paper
above. Second, I focus on the theory and methodology I used to transform the COP signals
from time to frequency domain. Last, I explain the results and draw some conclusions.

Methods

During both trials of perturbed standing, the participants were standing on a Kistler force
plate (9821CA, Kistler Instrumente AG, Winterthur, Switzerland) to record the ground
reaction forces. The sampling rate was set at 1000 samples/s, and the anteroposterior dis-
placement of the participants’ COP was calculated from the collected forces and moments,
Eq. (5.1).

M, — (Fy - dz)
F, ’
where M, refers to the moments of forces around the frontal axis, Fy, and F, refer to
horizontal and vertical components of the ground reaction force, respectively, and dz is the
distance from the surface to the platform origin.

From the COP position signals, a power spectrum was obtained using the Fast Fourier
Transformation with Hanning window using a procedure as described in Vieira et al. (2009).
Then, I calculated the mean power frequency (MNF) and the median power frequency
(MDF) (Phinyomark et al., 2012) of the COP signals to check if there was any change in
these parameters which could indicate a direct effect of the handle on balance control.

The MNF is an average frequency value that is computed as a sum of product of the
COP power spectrum and frequency, divided by a total sum of spectrum intensity

COP = (5.1)

M M
MNF =Y fp /> Py, (5:2)
j=1 =1
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wheref; is a frequency value at a frequency bin j.
The MDF is a frequency value at which the COP power spectrum is divided into two
regions with an equal integrated power and can be expressed as

MDF M 1 M
o= > Pi=5) P (5.3)
J=1 j=MDF j=1

Next, I divided the power spectrum into three frequency intervals - low-frequency (LF)
band (0 - 0.25 Hz), medium-frequency (MF) band (0.25 - 1 Hz) and high-frequency (HF)
band (1 - 3 Hz). According to literature, the LF band is sensitive to vestibular stress and
disturbances (Oppenheim et al., 1999) and is associated with visual regulation; the MF
band is associated with the somatosensory activity and postural reflexes (Nagy et al., 2004;
Wing et al., 2011); and the HF band reflects the dysfunctions in the central nervous system
(Oppenheim et al., 1999) and is associated with the proprioceptive regulation (Golomer
et al., 1994; Golomer et al., 1999). With regard to the experimental setup of our study, the
MF band also corresponds to the frequency band of the perturbation signal (Figure 5.2,
non-shaded area) and by checking the LF and HF bands I aim to investigate the aftereffects
of the perturbation and the effect of holding a handle.

1400 T T T T T

1200

1000

800

600

PSD [Hz]

400 |

200

0 0.2 0.4 0.6 0.8 1
Frequency [Hz]

Figure 5.2: Power spectral density (PSD) of the perturbation signal. The diagram shows
the perturbation signal’s power versus frequency in a range between 0.25 and 1 Hz (non-
shaded area). The PSD of the perturbation signal was identical for all participants in both
trials.

Assisted standing decreases variability of COP excursions.

The analysis of mean (MNF) and median (MDF) frequency of the group average COP
excursions showed a reduction when the participants were holding a handle. On average,
the MNF of the participants’ COP excursion frequency was lower in the WH condition
(M = 0.601,SE = 0.026), compared to the NH condition (M = 0.719,SE = 0.012).
This difference, 0.118, BCa 95 % CI [0.076,0.161], was found to be statistically significant
t(9) = 4.766, p = 0.001 and represented a large-sized effect of d = 1.51. A similar result
was shown for the MDF, there the values in WH condition (M = 0.549, SE = 0.032)
were on average lower ( 0.097, BCa 95 % CI [0.038,0.168]) than those in the NH (M =
0.647, SE = 0.01) condition. Like for MNF, the difference between WH MDF and NH
MDF was statistically significant (£(9) = 3.287, p = 0.009, d = 1.04).



5.1. Additional Analyses and Conclusions 33

Holding a handle reduces the high frequency component of the COP excursions.
Results of the frequency breakdown analysis of the COP signal are shown in Figure 5.4
where the individual frequency band is presented as a percentage of the sum of the three
bands. The largest percentage of frequencies can be seen in the MF band, which is to
be expected since this was the frequency range of the perturbation which significantly
affected the movement and posture of the participants (Camernik et al., 2016). However, a
significant difference between the conditions was shown in the LF (¢(9) = 3.05, p = 0.014,
d =0.968) and HF band (¢(9) = —7.1, p < 0.001, d = 2.245). In LF band, the percentage
of the total signal was 9.57 % higher in favor of the WH condition, and in HF band, the
percentage was 5.85 % higher in favor of the NH condition.
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Figure 5.3: Mean and median frequency of COP excursions. Comparison of MNF and
MDF of COP excursions between trials when the participants held the handle and stood
freely. Both MNF and MDF show significantly lower values in WH condition, indicating
a lower movement variability.

Conclusions

Frequency analysis of the COP signals yielded a few interesting finds. First, an increase
in the mean and median frequencies in the NH trial indicates a significant decrease in
postural stability. We have shown that the increased postural threat, induced by releasing
the handle in the NH trial, was manifested in a lower position of the COM, an increase in
muscle activity and in a higher frequency of whole-body movement.

Second, in a sense of mechanically compensating the effects of perturbation, holding a
handle mostly affected the high-frequency (HF) component of the COP. Frequencies above
1 Hz on average occupied 5.8 % less share of all frequencies when comparing both conditions
(Fig. 5.4). Lower share of frequencies in the HF band explains larger displacement of the
COP as it was found in the initial investigation. Holding a handle caused the movement
of the participants to be slower and more in sync with the perturbation.

Third, due to the lower contribution of the somatosensory system in the NH trial (i.e.
no haptic information from the hand), the share of the HF band was significantly larger.
Holding a handle caused a reallocation of the high frequency share to the medium and low
frequency bands. As it was previously found in the light touch studies (Jeka & Lackner,
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Figure 5.4: Low, medium and high-frequency bands of COP excursions. Comparison
of LF, MF and HF bands of COP excursions between trials when participants either
used additional hand contact or not. In both conditions, the largest share of frequencies
was located in the MF band, followed by the HF and LF bands. Statistically significant
differences between the WH and NH conditions are indicated for the LF and HF bands
(*p <0.02).

1995; Jeka & Lackner, 1994), the haptic cues coming from the hand holding a handle
which mechanically stabilized the body, also diminish the threshold of detection of body
movement and thus reduce the HF component of the COP signal. The faster detection of
body movement allowed corrective actions to begin earlier than in the NH condition and
illustrates a feed-forward mechanism.
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5.1.2 Estimation of whole-body effort

With regard to motor adaptation researchers found that people tend to move in an ener-
getically optimal way (Huang et al., 2012; Selinger et al., 2015; Todorov & Jordan, 2002).
Adaptation may occur due to the years of experience which allows people to easily antic-
ipate and adjust their movements in familiar situations or as it was found more recently,
such adaptation can also occur immediately, in only a few iterations of reaching and walk-
ing tasks (Huang et al., 2012; IJmker et al., 2015). Therefore, in addition to the time
and frequency analysis of balance and posture during the two trials of continuous balance
perturbations, I performed an estimation of whole-body effort to measure and evaluate the
adaptation of the locomotor system.

To estimate the effect of holding a handle on whole-body effort during a prolonged ex-
posure to balance perturbations, I calculated the cumulative joint torques with the inverse
dynamics procedure. For this purpose, I used MuJoCo 2.0 (Fig. 5.5), a software devel-
oped by Emanuel Todorov for Roboti LLC (Todorov et al., 2012). MuJoCo stands for
Multi-Joint dynamics with Contact and it is a physics engine aiming to facilitate research
and development in robotics, biomechanics, graphics and animation. It is a commercial
software, however it is also freely available to students for personal projects, upon request.

Figure 5.5: MuJoCo 2.0 graphical user interface.

The multi-joint humanoid model

To solve the inverse dynamics problem (i.e. calculate kinetics, based on experimental
kinematics data) several steps had to be taken. First, I constructed a human-like model
(humanoid) by using the MuJoCo specific modeling format called MJCF. This format has
an XML-tree structure and consists of MuJoCo specific XML elements and their attributes
to design a multi-joint body. Such model is built by different elements like bodies, geome-
tries, joints, visual representation objects, etc., which have different attributes (position,
orientation, inertial properties, etc.). The MJCF model can be constructed in a way to re-
semble real body dimensions and attributes, therefore, I designed a template model which
can be used to fill in the body parameters specific to a real human subject.
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The template of a humanoid model consists of 16 body segments and 24 joints (Fig.
5.7). A description of all body segments and joints is presented in Table 5.1.

Table 5.1: Description of a multi-joint model. A list and description of body segments and
joints in the humanoid model used in the inverse dynamics procedure to calculate joint
torques.

No. Body Seg. Description Joint DOF
1. torso U thoracic region of the torso root 6
2. head head and neck none
3. uarm_R right upper arm - shoulder to elbow armadd_ R, armflex_ R, 3

armrot_ R
4. larm R right lower arm - elbow to wrist elbowflexr R, prosup R 2
5. palm right palm w_ flexion, w_ bend 2
6. fingers right index, middle, ring and little finger  fingerFlex 1
7. thumb right thumb thumbFlex 1
8. uarm_ L left upper arm - shoulder to elbow armadd_ L, armflex L, 3
armrot L
9. larm L left lower arm - elbow to wrist elbowfler L, prosup L 2

10. hand L combined left palm and fingers handflex L 1
11. torso_ M lumbar region of the torso lumbar 1
12. torso_L sacral region of the torso none
13. thigh R right upper leg - hip to knee hip_ R 1
14. shank R right lower leg - knee to ankle knee_ R 1
15. foot_ R right foot - ankle to 5th metatarsal ankle_ R 1
16. toes R right toes - 5th metatarsal to toe tip metatarsal_ R 1
13. thigh L left upper leg - hip to knee hip_ L 1
14. shank L left lower leg - knee to ankle knee L 1
15. foot L left foot - ankle to 5th metatarsal ankle L 1
16. toes L left toes - 5th metatarsal to toe tip metatarsal L 1

To calculate the human body parameters (body parts sizes, masses and inertial proper-
ties) I used a custom-made software BodyModel developed by Leon Zlajpah and Jan Babi¢
- Fig. 5.6 (Zlajpah & Babic, 2014).

By inputting the subject’s body weight and height, the algorithm calculates the indi-
vidual body segment size, mass and inertial properties using coefficients based upon the
regression analysis of de Leva (1996) performed for male adults. The model template
is then populated with the subject-specific parameters so that the body dimensions and
inertial parameters of the humanoid model approximately match the real human body.

The MuJoCo inverse dynamics procedure requires joint angles positions, velocities and
accelerations as an input. Additionally, external forces acting on the participant during
the task can be used as an input. In this case the external forces acting on the body would
be the ground reaction forces (measured by the force plate), the perturbation (measured
by the force sensors on the waist belt) and in case of the WH trial, forces acting on
the hand that was holding the handle (measured by the force sensor on the handle). I
calculated the joint angles positions by using the kinematics data, acquired during the
experiment as described in Camernik et al. (2019). The nature of the experiment yielded
in predominantly planar movement of the participants, therefore, only the 2D position data
of active markers placed on the participant’s joint centers, bony landmarks and segments
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BodyModel 1.0: D:\inworkData\EXP2\analysis-mFiles\Mujoco\model\wh\exp2WHtemplate.xml

File About 1
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A |f variable
Head Height
Torso_U.Height
Torso_M.Height
Torso_L Height
Thigh. Height
Shank Height
Foot Height
UpperArm Height

LowerAm Height
Hand Height
Head Length
Torso_U.Length
Torso_M.Length
Torso_LLength
Thigh.Length
Shank Length
Foot Length
UpperAmm.Length
LowerArm Length
Hand.Length
Torso_UWidth
Torso_LWidth

Figure 5.6: BodyModel 1.0. A custom-made application for calculating human body pa-
rameters. The input (1.) are the subject’s body weight and height and (2.) the MJCF
template. After the algorithm calculates the body parameters (3.), the MJCF template is
populated with the appropriate values (4.)

B shoulder L,

Y
_____ ,_’_ metatarsal X

Figure 5.7: A multi-joint model of a human. A: A simplified model of a human body,
consisting of 16 body segments and 24 joints. The joints between the body segments are
shown as blue cones and the COM of the model is illustrated as a white sphere in the lower
part of the torso. B: A stick-man model with joint positions and direction of rotation -
only in sagittal plane.

were used to calculate the orientation of individual body segments (6, Eq.5.4a). Then, the
joint angles were obtained by calculating the angles between the adjacent body segments (q,
Eq.5.4b). Joint velocities (¢, Eq.5.4c) and joint accelerations (¢, Eq.5.4d) were calculated
by using the first and second order derivative of the joint angles position, respectively.
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Figure 5.8: Whole-body model and real subject in WH and NH trial pose. A humanoid
model was used in inverse dynamics procedure to calculate the joint torques. On the left
panel of the figure a scaled model used in calculations for the NH trial is shown (participant
is standing freely, both arms are folded together across the chest). On the right panel a

scaled model for the WH trial is shown (participant is standing and grasping a stationary
handle with his right hand).

To compensate for individual differences in body parameters of the participants, joint
torque values of each joint were normalized by dividing them with a scaling factor specific
to each participant (Eq. 5.5b). The scaling factor (ss.) was calculated as a product of
participant’s weight (sub,,) times participant’s height (suby) (Eq. 5.5a).

75

a) Sfac = SUbw : SUbh b) Tinorm = (55)

Sfac

where Tjporm is the normalized joint torque and 7; is the calculated joint torque in each
joint with a unit of Nm/kg-m.

The total body work, which is equivalent to the external work done by or on the body,

was calculated as the summation of the work done by all the joint’s torque. The measure of

effort, i.e. the work done by a joint torque was calculated as the time integral of the product

of joint torque times the angular velocity of the joint it crosses (Eq. 5.6) (Robertson et al.,
2014),

t=300 Njoint
Wy = / > Pt (5.6)
t
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where Wy, is the total body work, P; is the product of the joint torque (7;) and the
angular velocity at j-th joint and Nje,s is the number of joints. For NH condition the
Njoint = 7 and includes the calculated work of the lumbar joint, both ankles, knees and
hips. For the WH trial, the work of the shoulder and elbow joints of the active arm were
added, hence Njgint = 9.

Results

The diagrams in Figure 5.9 show the comparison of mean normalized joint torques between
the NH and WH conditions over the 5 minutes period of perturbed standing. Higher values,
especially in the ankle and knee joints during the NH trial, indicate more movement and
higher effort when participants were standing freely.

To estimate whole-body effort, the joint torques were transformed to work done in each
joint. Group average results for each observed joint with confidence intervals are presented
in Fig. 5.11. From visual inspection we can already observe the difference between the two
conditions. However, to faithfully compare both conditions, all joints involved in balancing
task need to be taken into consideration. The sum of joint work in WH trial thus includes
the work in the shoulder and elbow joints of the arm holding a handle.

Due to the high variability of data, normality tests were performed on both trials.
The Wilk-Shapiro test revealed the data calculated for cumulative joint work for each
participant in NH trial were not normally distributed (Fig. 5.10, p = 0.0046), there-
fore, a Wilcoxon Signed-Ranks test was used to determine the difference between the two
conditions.
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Figure 5.10: Normality test of cumulative joint work in WH and NH condition. The
joint work scores in WH trial, D(10) = 0.848, p = 0.055, did not deviate significantly
from normal; however, the NH trial D(10) = 0.759, p = 0.005, scores were significantly
non-normal.

The test has confirmed that the cumulative joint work in the WH trial (mean rank =
5.78) was significantly lower than the cumulative joint work in the NH trial (mean rank =
3.0), Z =-2.5, p = 0.01 (Fig. 5.11, right panel).

Conclusions

Metabolic energy consumption in motion-rich environments has been shown to be an impor-
tant variable in whole body movement tasks like walking (IJmker et al., 2014) and standing
(Duncan et al., 2018). Authors used different approaches to evaluate the metabolic energy
consumption, but came up with similar conclusions. IJmker et al. (2014) perturbed healthy
adults while walking on a treadmill under four conditions of varying postural threat. By
calculating the energy cost of walking from the data of oxygen uptake and respiratory
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exchange ratio, they found that the metabolic demand significantly increased with the
largest postural threat. At the same time, the gait parameters have also changed (shorter
and faster steps). Since the observed changes occurred independently of walking speed,
they concluded that increasing postural threat is the more important factor that leads to
a decrease in gait stability and economy. Similarly, Duncan et al. (2018) studied the ef-
fects of postural perturbations initiated by a moving environment on the metabolic energy
consumption of healthy adults while standing. The participants were standing freely or
performing a lifting task on movable platform and their cardiorespiratory and heart rate
parameters ware recorded to estimate their metabolic cost. They found that a systematic
increase in metabolic cost is associated with increased platform motions and the task.

In our study, we estimated the whole-body effort by using the inverse dynamics pro-
cedure. By designing a scalable humanoid model and applying the measured kinematics
and dynamics properties, we aimed to faithfully calculate the generalized joint torques and
estimate the work done at each joint. The analysis of the average cumulative joint work
has shown a significant increase in case of the NH trial. This is interesting because even
though the perturbations themselves were not large enough to force the participants to lose
balance, they appeared to be threatening enough to induce a change in a postural strategy.
This change was seen in more flexed joints, higher muscular activity and higher movement
variability which all led to higher energy expenditure. Our findings here emphasize the
importance of holding a handle to augment balance control. Not only that balance control
is improved, also the total body energy expenditure is lowered. Furthermore, as in studies
of IJmker et al. (2014) and Duncan et al. (2018), we have shown that the increased postural
threat increases the metabolic cost and changes the postural strategy.
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Figure 5.9: Generalized joint torques. Group mean values with 95 % CI of normalized
joint torques during the 5-minute trials in NH and WH conditions. Torque values of
shoulder and elbow joints of the arm holding the handle are included in the diagrams of

the WH trial. The joint torques are expressed relative to the body mass times body height
(Nm/kg:m).
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Figure 5.11: Individual and cumulative joint work (Wy). In the left panel group mean
values with 95 % CI of normalized joint work during the 5-minute trials in NH and WH
trials are presented. On the right panel, the mean cumulative joint work with 95 % CI
is shown. The values in the NH trial are significantly higher even though less joints are
taken into consideration (xp < 0.01).
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Chapter 6

Study II - Mechanisms of Postural
Control Change with Location of
Supportive Hand Contact

Holding a handle for balance is a common fall-prevention strategy when for example we
are riding a bus. When the bus hits a hole or bump, suddenly breaks or is making a
turn, different perturbations compromise the balance of standing passengers. Keeping
balance in such situations can sometimes be really challenging and without holding a
handle impossible. But how should one hold a handle to have the best control over his
balance? Is it better to hold on to the handle at hip height or overhead?

In this part, I present the results of the second study with the focus on effects of posture
and position of the handles on the ability to maintain balance after discrete perturbations.
The goal of this second study was to identify the effects of the position of the handle with
respect to the participant on postural control during discrete perturbations of varying mag-
nitudes. We addressed the hypotheses H4 and H5 where we speculate that the mechanisms
used to control balance are based on the position of the supportive hand contact and that
holding a handle at shoulder height provides the best control of balance.

Figure 6.1: Study II. Mechanisms of postural control change with the location of supportive
hand contact.
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The experiment of the second study included five different postures: two without hold-
ing a handle and three with holding a handle, located at three different positions. We
applied discrete perturbations of varying magnitudes directly to the COM of the partici-
pants, and observed their motor responses.

First, I present the summary of the main results and conclusions which are collected
in a paper "Staying on your feet: the effectiveness of posture and handles in counteracting
balance perturbation" by Jernej Camernik, Morteza Azad, Luka Peternel, Zrinka Poto-
canac and Jan Babi¢ (Camernik et al., 2019). The paper was published in a peer-reviewed
journal Ergonomics in 2019 and as a first author I participated in designing the experi-
ment, conducted the measurements, analyzed the data including programming of the data
analysis procedures, and wrote the manuscript.

Second, the results of additional analyses of whole-body effort are presented.
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ABSTRACT

Stairways, public transport and inclined walkways are often considered as sites with higher
likelihood of falls due to a sudden loss of balance. Such sites are usually marked with warning
signs, equipped with non-slip surfaces and handles or handrails to avert or decrease this likeli-
hood. Especially, handles are supposed to provide additional support in cases of a sudden loss
of balance. However, the mechanisms of using handles for balance at different heights are not
yet fully disclosed. We simulated full body perturbations by applying an anterior force to the
waist and investigated effectiveness and mechanisms of balance recovery in five different pos-
tures: step stance and normal stance with or without holding handles at different heights.
Results indicate that both step stance and holding handles at different vertical positions suffi-
ciently assist balance recovery, compared to normal stance. While there was no significant effect
of handle in CoM displacement, the shoulder height handle required the lowest handle force,
indicating a difference in using the handle.
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Practitioner summary: To investigate handle use for balance recovery, we perturbed healthy
young adults in different standing positions. Even though the use of different handles had a
similar effect, the lowest forces were exerted on the shoulder height handle indicating a pre-
ferred handle position for balance recovery.

Abbreviation: AP: antero-posterior; CNS: Central nervous system; CoM: Center of Mass;
CoMmax: Maximal displacement of the center of mass; CoP: Center of pressure; FHmax: Maximal
resultant force exerted on the handle; hFHmax: Maximal horizontal force exerted on the handle;
vFHmax; Maximal vertical force exerted on the handle; M1-M8: Perturbation force magnitude

Introduction state of science regarding occupational slips, trips and

Unpredictable perturbations compromise our pos-
tural stability in many everyday situations. Falls,
which are a direct consequence of balance loss,
often lead to injuries or even fatalities. In EU, falls
are reported to be one of the highest causes of
injury and even of fatal injuries (17% of all fatal inju-
ries) and remain a major cause of workplace injury
(EuroSafe 2013). Falls and fall prevention have been
extensively studied to understand the mechanisms
involved, and research has led to various evidence-
based prevention practices (Choi and Hector 2012;
Cadore et al. 2013). Nevertheless, in a recent paper
by Chang et al. (2016) which summarises the current

falls on the same level, the authors concluded that, in
spite of the progress in recent decades, there is an
urgent need to develop better fall prevention strategies.
Furthermore, they emphasise that most investigators
agree that reactive recovery characteristics following
the perturbation are directly linked to how we maintain
dynamic stability. Therefrom, they propose further
efforts in improving reactive recovery scenarios, which
include control over initiating circumstances and
improvements in reactive recovery.

When standing, human posture is balanced if
the ground projection of its centre of mass (CoM),
falls within the convex hull of the foot support
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area (base of support). However, this can be perturbed
by movements of the COM or changes in the base of
support (e.g. during walking) (Winter 1995). Hence, the
central nervous system (CNS) continuously adjusts the
strategies and mechanisms of postural control to pre-
vent a potential loss of balance.

Postural reactions and adjustments following the
loss of standing balance are based on the type, direc-
tion and magnitude of the perturbation (Diener,
Horak, and Nashner 1988; Chen et al. 2014) and scale
with biomechanical constraints (Park, Horak, and Kuo
2004). It has also been well established that additional
haptic cues (e.g. touching a stable surface with a
fingertip) play an important role in balance control
while standing (Jeka and Lackner 1994; Albertsen,
Temprado, and Berton 2010; Martinelli et al. 2015) and
walking (Bateni and Maki 2005; Forero and Misiaszek
2013). Such tactile feedback provides the central ner-
vous system with information of current position and
orientation of the body and complement regulation of
corrective reactions to balance disturbances.

Nevertheless, only lightly touching a stable surface
is not sufficient to prevent balance loss following large
perturbations (Kouzaki and Masani 2008). In such sit-
uations, one can achieve an additional mechanical
support by extending the base of support by either
making a step or grasping onto a stationary object.
For example, a firm hand contact with a fixed handle
on a moving bus or using a cane while walking con-
tributes to a much better balance potential by increas-
ing the size of the base of support and activating the
arm muscles for balancing (Bateni and Maki 2005;
Umker et al. 2015; Camernik et al. 2016). Apart from
mechanical support, firmly holding onto handrails
reduces energy cost of treadmill walking in stroke sur-
vivors, and alters their step parameters and muscle
activity (IJmker et al. 2015). This indicates an import-
ant clinical role for handles, which should be shaped
(Dusenberry, Simpson, and Dellorusso 2009) and posi-
tioned (Maki, Mcllroy, and Fernie 2003) in an optimal
way to facilitate balance control. Therefore, it is
important to position handles appropriately with
respect to a standing human in order to provide
mechanically efficient, reliable and safe support.

In the context of working environment, one can
make an analogy between handles used for balance
and handles used in pushing and pulling activities.
From biomechanical perspective, pushing objects pro-
duces forces in the hands from connection with the
object (e.g. holding onto a handle on the cart). To
overcome, sustain or resist these forces one must suffi-
ciently activate appropriate muscles to produce

Contact

enough torque at all the joints involved. Pushing and
pulling was substantially studied to identify mechan-
ical loading of the joints, factors affecting pushing and
pulling forces and to estimate ergonomics consequen-
ces (for review, see Garg et al. [2014]). Conclusions
from these studies vary quite substantially, however
one of the common findings is that maximum initial
and sustained forces for pushing and pulling depend
on handle height, frequency of exertion and distance
of pushing/pulling. As a risk factor Hoozemans et al.
(2004) and Lett and McGill (2006) found the combin-
ation of force direction (pushing v. pulling), force mag-
nitude, body posture and handle height to be
responsible for detrimental movements in the shoul-
der and compressive and shear forces to low back.
On the other hand, even though handles play an
important role in fall prevention, current falls research
literature is very limited when standing balance per-
turbations involve use of handles. To our knowledge,
only a few studies investigated the role of handle
location when healthy adults grasp the handle before
the onset of perturbation (Maki, Mcllroy, and Fernie
2003; Noé, Quaine, and Martin 2003; Babic et al. 2014;
Sarraf, Marigold, and Robinovitch 2014). In a vehicle
starts simulation study, Sarraf, Marigold, and
Robinovitch (2014) concluded that overhead grasping
minimises handle forces, while shoulder-height grasp-
ing minimises centre of pressure (CoP) displacement
when perturbation occurs in the antero-posterior (AP)
direction. Similarly, using AP perturbations and four
handles, Babic et al. (2014) found that handles signifi-
cantly reduced the maximal displacement of the sub-
ject's CoP regardless of the location, direction of the
perturbation and its intensity. Importantly, handle
location had a significant effect on forces exerted on
the handle, so they speculated that a shoulder-high
(or higher) handle enabled balancing with the least
effort. Recently, two other studies were published,
which investigated effects of handles on postural con-
trol from different perspectives. Beschorner et al.
(2018), considered the downward-pull forces at differ-
ent postures, but without including external perturba-
tions, and Komisar, Nirmalanathan, and Novak (2018)
focussed on CoM control and physical demands in
perturbed reach-to-grasp scenarios. Beschorner et al.
(2018) focussed on impacts of glove use and different
handle heights on achievable downward pulling
forces. They found that the achievable downward
hand force increases with higher hand positioning and
explained this result with the biomechanical mechan-
ism of the length-tension relationship of the proximal
muscles (biceps brachii and latissimus dorsi). On the
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Figure 1. Schematic representation of the experimental setup. In the normal pose (A), subjects stood upright with their feet
together and arms crossed over the chest. In the step stance pose (B), subjects stood with their arms crossed over the chest and
their left foot 60 cm ahead of their right foot (ankle to ankle distance). In the remaining poses, the subjects stood upright with
their feet together and held onto a handle located 30cm in front of their bodies. The handle was vertically positioned at hip
height in the low handle pose (C), at shoulder height in the middle handle pose (D), and above the head in the high handle

pose (E).

other hand Komisar, Nirmalanathan, and Novak (2018),
who positioned handrails at heights of 86.5, 96.5 and
106.5 c¢cm, delivered balance perturbations to subjects
and analysed their balance recovery reactions after
reaching and grasping the handrail, found that higher
handrails resulted in reduced forces exerted on the
handrail and reduced peak CoM displacement.

The studies mentioned, mostly focussed on explain-
ing the regularities in behaviour while using handles
for balance (e.g. measured how underfoot centre of
pressure position/movement changed with handle
location) while the workload on human body was
mainly neglected. Moreover, experimentally supported
recommendations regarding optimal handles locations
for balance recovery have not yet been given.

Here, we aimed to advance this work by investigat-
ing how changes in body pose (standing freely or hold-
ing a handle at different heights) affect the mechanical
stabilisation of posture in response to discrete forward
directed perturbations of varying magnitudes. Our goal
was to categorise handle positions in connection with
posture configurations, by accounting for whole body
movement (CoM displacement) and forces exerted on
the handle. Furthermore, we aimed to give a more pro-
found insight into the mechanisms of assisted balance
recovery and the associated loading. Based on the cur-
rent literature on balance recovery and pushing/pulling
activities, we hypothesised that the handles positioned
at shoulder height would be the most efficient. The
handle position of highest efficiency would be

considered as the one with measured lowest forces
exerted on the handle and the least displaced CoM dur-
ing the recovery period occurring after the perturbation.

Methods
Subjects

Ten healthy male subjects (avg. + SD: age 21.7 + 2.2
years, height 183 + 4.6 cm, body mass 76.8 + 8.1 kg)
participated in this study after giving informed consent.
The study was approved by the Republic of Slovenia
National Medical Ethics Committee (No. 112/06/13).

Measurement protocol

The experiment (Figure 1) consisted of five different
standing poses; narrow (normal) and step stance (step)
and holding onto a handle at three different heights
(low, middle and high). We adjusted the horizontal dis-
tance and heights of the handles according to each
subject’s anthropometry. In the low handle pose, the
handle was at subject’s hip height (10° flexion in the
elbow joints), in the middle handle pose at shoulder
height (90° flexion in the elbow joints), and in the
high handle pose above the head (10° flexion in the
elbow joints). Our in-house made force-controlled pull-
ing mechanism (Peternel and Babi¢ 2013) perturbed
the subjects in forward direction by producing a hori-
zontal external force at the approximate position of
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Figure 2. Details of the experimental methods. (A) An example of trajectories from a single trial corresponding to the first 2's of
perturbation and recovery period. In this example, perturbation magnitude of M8 was applied to a subject whose body weight
was 76.5 kg while holding a handle at shoulder-height. In the top diagram, we show individualised perturbation force signal (red
line) and actual force as measured by the force sensors on the waist belt (blue line) which was applied to the subject’s approxi-
mate location of CoM. Trajectory of CoM displacement, is shown on the middle diagram and in the bottom diagram, we show
force trajectory in antero-posterior direction as measured by the force sensor at the handle. (B and C) Diagrams of inverse
dynamic model. (B) The model consists of five links connected by actuated revolute joints (g;—gs). Note that the first link (lower
leg) was connected to the ground, as the subject’s feet did not move during the experiments. To model the normal and step
poses, we locked the degrees of freedom (DoF) of the arms, effectively creating a 3 DoF model (q;, g, and g3). (C) For the other
poses, the model was constrained at the hand to model the handle contact.

their CoM. The command signal was a step with 0.5 s
width (see Figure 2A) which was sent to the pulling
mechanism after a random pause to avoid habituation.
The actual perturbation force was controlled through
a combination of system’s dynamics model (including
stiction and friction compensation) and a force-feed-
back PID controller. The feedback force was measured
by a force sensor attached to the human body by a
belt. The speed of pulling was not directly controlled;
however, it was limited by an upper bound for safety
reasons. For more details, including the design, param-
eter setting and accuracy analysis, please refer to
(Peternel and Babic 2013; Peternel 2015).

We used eight perturbation force magnitudes
(M1-M8), linearly increasing from 2.75% (M1) to 22%

(M8) of the subject's body weight. In spite of the
linear increase of the perturbation magnitude, the dur-
ation of the perturbation impulse remained the same -
0.5 s. Ten trials of each perturbation magnitude were
performed for each pose, blocked by difficulty (80 tri-
als per subject, per pose). Within a pose, blocks were
presented in an increasing difficulty. A random pause
varying between 0.5 and 5 s was given between trials
to minimise the effects of anticipatory postural adjust-
ments (Santos, Kanekar, and Aruin 2010). Between
poses, the subjects rested for 10 min. In the first pose
(normal) all subjects had to take a recovery step
before the maximum perturbation magnitude was
reached. When a step was made, the experimenter
stopped the procedure and continued the experiment



in the next pose. Compensatory stepping did not
occur in other poses and the subjects returned to
their initial position after each perturbation.
Kinematics were measured using the 3 D
InvestigatorTM system (NDI, Waterloo, Ontario) consist-
ing of 2 x 3 camera array at a sampling rate of 500
Hz. Active markers were firmly attached to the skin by
means of double-sided adhesive tape on the apparent
axis of rotation of the right ankle, knee, hip, shoulder,
elbow and wrist joints. In post-processing, kinematic
data were low pass filtered with a zero lag, 4th order
Butterworth filter with a cut-off frequency 5 Hz
(Bartlett 2007). Ground reaction forces and centre of
pressure (COP) positions were measured using two
force plates (9281CA, Kistler Instrument AG,
Winterthur, Switzerland) at a sampling rate of 500 Hz
(Winter 2009). There was no filtering applied to the
CoP data. We placed a monitor in front of the subjects
to provide visual feedback of starting position based
on CoP position recorded prior to the start of each
pose. After every trial, subjects were required to
assume the same pose, by aligning their current CoP
to the recorded CoP position, both displayed on
screen. Custom made, vertically symmetrical handles
(diameter = 3.2 cm, length = 12 ¢cm, with adjustable
positioning) were held with both hands in order to
prevent rotations of the upper body and mounted on
a 3-axis force sensor (45E15A, JR3, Woodland, USA) to
measure the resultant forces between the handles and
the subject. Force sensor data were not filtered and
contribution of the torque due to the handle lever has
been accounted for. The data from the force plate,
force sensor in the handle and kinematics were col-
lected synchronously at 500 Hz by using a custom-
made application in MATLAB Release 2015b (The
MathWorks, Inc., Natick, Massachusetts, United States).
We considered the recovery response as a 2 s
period after the start of perturbation. During this
recovery period, we calculated the maximal CoM dis-
placement (CoMya) and maximal resultant force
exerted on the handle (Fymnax). Additionally, we separ-
ately analysed horizontal (forward/backward, hFymnax)
and vertical (VFymax) components of the Fyna. We
obtained the CoM,,,x by using a planar inverse
dynamics model, built with a segmental method
(Hamill and Knutzen 2008) and by using the segment
inertial parameters from Leva (1996). To model the
handle poses, we included five joints in the model
(ankle, knee, hip, shoulder and elbow - Figure 2B). For
normal pose model, we locked the joints of the arms,
hence the model consists of three joints (ankle, knee
and hip) and to model the step pose, we included the
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front leg joints and locked the joints of the arms (right
ankle, right knee, right hip, left knee and left ankle -
Figure 2C). The first segment of the model (lower leg)
in all poses is connected to the ground. This is
because we assume that the feet of the subjects do
not move during the experiments. In no handle poses,
the model is otherwise unconstrained and in handle
poses, the model is constrained at the hand to model
the handle contact. The total body CoM was then cal-
culated as a weighted sum of the masses of the mod-
el's segments.

N
_ mj
r = E e (M

where r is the vector of the CoM of the body, N is
the number of rigid body segments, m; is the mass of
the i-th segment, m is the total mass of the body and
r ; is the vector of the CoM of the i-th segment.

Maximal CoMpax Frmax NFHmax and VFymax were
averaged over pose and perturbation magnitude for
each subject and used in statistical analysis. Statistical
analyses were performed using SPSS 21 (SPSS Inc.,
Chicago, USA) and the level of significance for all stat-
istical analyses was set at p < .05.

The effect of pose on CoMpax Frmax hFrmax and
VFumax Was investigated using a one-way repeated
measures ANOVA for each perturbation magnitude
separately due to the missing data from the normal
pose in higher perturbation magnitudes. The
Greenhouse-Geisser correction was applied when
Mauchly’s test indicated violation of sphericity and
paired t-tests were used for post-hoc testing. To
account for multiple comparisons in paired t-tests, we
corrected the calculated p values by applying the
Bonferroni correction.

Results

CoMpax increased with an increase of applied perturb-
ation magnitude as shown in Figure 3A. We did not
find an effect of the pose for the weakest (M1) per-
turbation magnitude. However, pose had a significant
effect on CoM,,.x in the subsequent three perturb-
ation magnitudes (M2: F(1.61, 14.51) = 14.08, p = .001,
np’ = 61; M3: F(1.58, 14.19) = 35.87, p < .001, 5> =
8; M4: F(1.11,7.79) = 25.64, p < .001,11,)2 =.79).

At the M2 perturbation magnitude the CoM,,, Was
significantly larger in the normal pose compared to step
and middle handle (t(9) = 3.72-5.43, p < .048) poses
and significantly smaller in the step pose compared to
all other poses (t(9) = —5.38-5.43, p < .047) (Figure 3B).
As we increased the perturbation magnitude to M3, the
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Figure 3. Maximal CoM displacements (CoMpa,) across poses and perturbation magnitudes (A). At perturbation magnitudes of
M2, M3 and M4, pose had a statistically significant effect on CoMax (B). Error bars indicate standard errors of the mean.

Statistically significant effects of pose are marked with an asterisk.

CoMay in the step pose remained smaller only from
the normal and low handle poses (t(9) = —3.75-7.74, p
< .046), while the CoM,ox in the normal pose remained
larger than all other poses (t(9) = 5.79-7.74, p < .003). A
further increase in perturbation magnitude to M4
resulted in significantly larger CoM.x in the normal
compared to all other poses (t(7) = 464 — 648, p <
.024). After the M4 perturbation magnitude, most of the
subjects could not withstand the perturbation without
making a step when positioned in normal pose.
Therefore, the normal pose was excluded from the ana-
lysis of the remaining perturbation magnitudes. We
found no statistically significant effects of pose at per-
turbation magnitudes above M4.

Fumax is shown in Figure 4A. We found statistically
significant differences between Fymax in perturbation
magnitude M2 (F(2, 18) = 445, p = 027, n,° = .33)
and the two highest perturbation magnitudes (M7
and M8, F(2, 18) = 4.19-542, p = 014-.032, 5, =
.32—.38), in which forces measured were higher
for the high handle pose, compared to the middle han-
dle pose (M2: t(9) = 3.14, p = .036, M7: t(9) = 3.87, p =
011, M8: t(9) = 3.89, p = .011).

Finally, by decomposing the resultant Fymax to hori-
zontal (forward/backward = hFynax and vertical
(VFymax) components, we analysed how each compo-
nent contributed to balance (Figure 4B and C).

Main effect of pose on hFynax (Figure 4B) was
found in M1 (F(2, 18) = 3.82, p = .042, 7,° = .3) and in
M5—-M8 (F(2, 18) = 3.88—7.01, p = .006—.04, np2 =
.3—.44). Post hoc t-test showed that in M1, M6 and
M8, values of hFyma.x were significantly higher in the
middle handle pose, when compared to the high han-
dle pose (t(9) = 3.31—4.16, p = .007—.026).

For VFymax (Figure 4C), this effect was found to be
statistically significant in all perturbation magnitudes
(F(2, 18) = 11.86—32.53, all p < .001, npz = .3-44).
The post-hoc t-test showed that in all perturbation
magnitudes, values in high handle pose were statistic-
ally significantly higher than values in middle handle
pose (mean difference: 10.37—74.21N, t(9) =
5.78—8.73, all p < .001). Moreover in perturbation
magnitudes M1, M2, M5, M7 and M8, values of VFymay
in middle handle were significantly lower than values
in the low handle pose (mean difference: 6.26—43.88N,
t(9) = 3.09—4.32, p = .006—.039)

Discussion

The main aim of this study was to further previous
research investigating the effect of holding a handle
on the mechanical stabilisation of posture by investi-
gating whole body movement and forces exerted on
the handle during recovery from discrete, forward
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Figure 4. Maximal resultant force exerted on the handle (Fymay) across poses and perturbation magnitudes (A). At perturbation
magnitudes of M2, M7 and M8, pose had a statistically significant effect on Fyna. Maximal forward/backward force exerted on
the handle (hFyna,) across poses and perturbation magnitudes (B). At perturbation magnitudes of M1 and M5—M8, pose had a
statistically significant effect on hF,,. Maximal vertical force exerted on the handle (vFy.y) across poses and perturbation mag-
nitudes (C). At all perturbation magnitudes, the effect of pose was significant (double asterisk). Post-hoc t-test showed that values
of VFymax from high and middle handle poses were significantly different in all perturbation magnitudes. Error bars indicate stand-
ard errors of the mean. Statistically significant effects of pose are marked with a double asterisk and statistically significant post-

hoc results with a single asterisk.

directed perturbations. Our results show that actively
holding a handle during perturbations significantly
improved balance control compared to normal stance,
but that the underlying mechanisms of handle
utilisation appear to differ with the location of
the handle.

Together with increased perturbation magnitudes
in all poses (see Figure 3A), the average CoMax dis-
placement also increased. Displacement of the CoM .y
was the highest in normal pose where, after perturb-
ation magnitude M4, subjects could no longer effect-
ively balance and had to make a step for recovery.
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On the other hand, when subjects were holding a
handle or were standing in the step pose, they easily
controlled the CoM,,,, displacement and thus bal-
anced effectively irrespective of the perturbation mag-
nitude. We found no change in the CoMy.y
displacements with location of the handle, indicating
that all of the handles used sufficiently assisted bal-
ance. This finding is in line with Komisar,
Nirmalanathan, and Novak (2018) who found no
effects of handrail height on COM control in
anterio—posterior direction and with the findings of
Babic et al. (2014), who analysed CoP displacements
while subjects were holding a handle at four different
location. In contrast, Sarraf, Marigold, and Robinovitch
(2014) who emulated moving environments found
that peak CoP displacement was greater when sub-
jects were grasping a handrail overhead when com-
pared to a shoulder-height position. A possible
explanation for this discrepancy might lie in the meth-
odological differences. Namely, Sarraf, Marigold, and
Robinovitch (2014) used an experimental setup where
the handle was moving together with the movable
platform which they used for perturbations, while
Babic et al. (2014) and we were using a setup where
the handles were stationary. Furthermore, in their
study Sarraf, Marigold, and Robinovitch applied pertur-
bations to the platform and analysed the CoP,
whereas in our study we applied them to the CoM
and focussed on CoM analyses.

Interestingly our results show a significantly lower
CoMphax displacement in the step pose, compared to
all other poses at a low perturbation magnitude (M2)
while at higher perturbation magnitudes (M4—M8),
the CoMp.x displacement was similar between the
step pose and the three ‘handle’ poses. This was a sur-
prising result since one would expect the handles to
always have a greater influence on balance control.
This counterintuitive finding could be due to the
increased size of the base of support which has been
reported to reduce the distance and maximal displace-
ment of CoP in quiet standing (Sarabon et al. 2010)
and thus reducing the velocity of the CoM which dir-
ectly affects balance (Hof, Gazendam, and Sinke 2005).
Apparently, in both the step and ‘handle’ poses the
increased base of support was sufficient for effective
balancing. Additionally, small differences in CoM,ax
displacements could be due to the CoM trajectory
being controlled as the task-level variable in postural
control (Scholz and Schoner 1999; Ting 2007). On the
other hand, the base of support during step pose
(which is similar to double support phase in gait) was
between the subject’s feet and during the ‘handle’

Contact

poses it was between the subject’s feet and the pole
to which the handles were attached. This implies a dif-
ference in the angle between the subject’s CoM and
CoP, therefore, the analysis of the angular motion of
CoM around the base of support could provide with
additional insights into differential effects of posture
on standing stability. Namely, Lee and Chou (2006)
found that the CoM-CoP inclination angle identified
elderly people with imbalance during gait. In either
case, the surprising finding of no additional benefit
from using the handles warrants further investigation
into the underlying mechanisms.

We investigated forces exerted onto the handles, to
check whether all handles are used in a similar man-
ner. Resultant forces exerted onto the handles were
affected by the handle location in M2, M7, and M8. In
all cases, the force exerted onto the middle handle
was significantly lower than the force exerted onto the
high handle. This finding is in a contrast to the one of
Komisar, Nirmalanathan, and Novak (2018) who
reported a decrease of handrail forces while increasing
the height of the handrails. However, this might be
due to the differences in the experimental setup since
their highest handrail was mounted at 106.5 cm, while
our high handle was mounted above the subject’s
head and the fact that our subjects were already hold-
ing to the handle before the start of perturbation.
Interestingly, when we analysed the vertical and hori-
zontal components of this force, we found this was
mediated by a difference in handle use. Namely, across
all perturbation magnitudes, subjects exerted much
higher vertical component of the force when using the
high handle, compared to the middle handle. This find-
ing is in line with the ones by Beschorner et al. (2018),
who reported the highest achievable down pulling
forces, when the handle was positioned above the sub-
ject’s head. In contrast, the horizontal component of
the force measured in this study was lowest for the
high handle. This probably reflects a different use of
the handle, where subjects mostly ‘hang’ onto the
high handle, while they ‘push/pull’ onto the middle
and low handle. These results are in agreement with
findings from Kumar (1995) who compared handle
forces at different heights during pushing and pulling
activities. They found that during standing, male sub-
jects were able to generate on average 22% more
pushing force on the handrail which was closer to their
centre of mass (1 m from the floor - comparable to
our low handle pose) when compared with forces on
handles located at a high height (1.5 m from the floor
- comparable to our middle handle pose). Similar
results were reported in cart pushing/pulling studies



by De Looze et al. (2000) and Al-Eisawi et al. (1999). In
dynamic pushing and pulling of a movable cart and
stationary bar, De Looze et al. (2000) found that in
pushing, the direction of force changed from down-
ward to near-horizontal pushing as the handle height
increased. Their highest handle was positioned at 80%
of the shoulder height, which corresponds to our mid-
dle handle. At that handle height they recorded the
highest horizontal forces, which the subjects were able
to exert during the pushing experiment. On the other
hand, Al-Eisawi et al. (1999) investigated effects of han-
dle height on initial hand forces in cart pushing and
pulling and reported the smallest vertical forces
recorded at elbow height, which is the height that
corresponds to somewhere in between our low and
middle handle. Given these findings and that our per-
turbation was also in horizontal direction (as in cart
pushing studies), the horizontal forces measured at the
middle handle might counteract the perturbation more
effectively.

Limitations

We investigated balance recovery in a convenience
sample of healthy, young adults. This group is typically
able to recover balance well, hence this might be con-
sidered the main limitation of our study. However, our
intention was to provide fundamental insights into the
use of handles and a baseline for future comparisons.
Future work should address handle in fall prone popu-
lations, such as older adults and various patient
groups. Although healthy young adults are typically
able to recover balance, it was recently shown that
they fall more often than expected (Heijnen and
Rietdyk 2016). Given that, healthy young males repre-
sent a high proportion of the workforce at risk of fall-
ing, our data might also have applicative value in
informing workplace interventions (i.e. positioning the
handles for safety at shoulder-height). Another limita-
tion of this study was the choice of perturbation. We
used a unidirectional perturbation (pulling subjects
forward), to avoid non-planar movements of the sub-
jects. However, in case of multidirectional perturba-
tions, the mechanisms could be described to a greater
extent, and this is something to consider in future
studies. Furthermore, we controlled the CoP position
to minimise feed-forward postural adjustments associ-
ated with preparation to predictable perturbations.
Even so, monitoring muscle activations is another
well adopted measure to monitor anticipatory
postural adjustments and should be considered in the
future. Lastly, further research should be addressing
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musculoskeletal injuries related to different poses
(handle heights), as this is an important factor to con-
sider when designing and positioning handles to assist
balance control.

To conclude, our data confirm that both step
stance and handles of any height are equally benefi-
cial for balance recovery in young adults. Additionally,
we found that the height of the handle influences the
force needed to recover and the way handles are
used. Young adults predominantly ‘hang’ onto handles
positioned over their heads, while they ‘push/pull’
onto lower positioned handles. Given the ageing soci-
ety, fall prevention is becoming increasingly important.
One of the ways to prevent falling is by the use of
handles to assist balance. Our data clearly show that
handles are beneficial but also indicate that not all
handles are equal. This provides the basis for optimal
positioning of assistive handles, after future research
investigates whether our findings hold in populations
needing balance assistance the most, such as elderly
and patients. Their higher reliance on balance support,
coupled with limited capacity, might result in exagger-
ation of the effects we observed in healthy young. If
elderly and patients also use handles differently
depending on their position, this can inform optimal
design of handrails, canes, etc. Additionally, we show
that changing handle height is a simple and efficient
way to individualise training difficulty during phys-
ical therapy.
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6.1 Additional Analyses and Conclusions

In the second step of the investigation of the effect of posture and handles, we performed
the inverse dynamics and analyzed the joint torques during the first 2 seconds after the
start of perturbations - the recovery response as defined in the above paper.

6.1.1 Total effort Analysis - Total Joint Torque Analysis

As a first step, we derive the equations for the total joint torque (Tyotar, Eq. 6.3) as a sum
of average joint torques averaged over the recovery response. Let q denote the vector of
generalized coordinates of the model which is described in detail in the paper above. Note
that depending on the posture, the model has either 3 or 5 DOF. To calculate the torque
of individual joints we used the following equation:

7 =H(a)4+ C(q,4) + G(q) — IZ (9)f,, (6.1)

where 7 is the vector of joint torques, H is the joint-space inertia matrix, { represents
the joint accelerations obtained from marker positions, C is the vector of Coriolis and
centrifugal forces, G is the vector of gravity force, J. is the Jacobian of the constraints
and f, are the contact forces measured by the force/torque sensors on the handle.

Next, we calculated the average of torque produced at each joint across 10 trials by

7= ;/02 (11()§Ti(t)>dt’ (6.2)

where T is the average joint torque of the recovery response, and 7;(t) is the torque
over time of the i-th trial.

Last, we calculated the total joint torque (Tiorq;) by summing the values that we ob-
tained in the previous step (Eq. 6.3). Since maximal torques of the arm joints vary with
arm configuration, we normalized shoulder and elbow torques with respect to the maximal
torque at the given joint. The normalization was performed by multiplying the calculated
torques with a factor determined from the regression curves (Anderson et al., 2007; Bober
et al., 2002; Gandevia et al., 1998; Moraux et al., 2013). For illustration, if the maximal
elbow torque is 60 Nm at 90° flexion and the subject exerted 40 Nm at 90° elbow flexion,
then the multiplication factor was 1.0 and the normalized torque remained 40 Nm. More-
over, if the subject exerted 40 Nm at 30° elbow flexion where the maximal elbow torque
is also 40 Nm, then the multiplication factor was 1.5 which gives the normalized torque
of 60 Nm. In effect, the normalization linearizes the non-linear relationship between the
maximal achievable joint torque and the joint angle at which the torque is generated and
at the same time preserves the units of Nm.

n
Tiotal = Zwﬂ_’j, (6.3)
=1

where w represents the weights to normalize the joint torques of the arm joints ¢, 7; is
the average torque produced at joint j, and n; is the number of joints in the model.

Results

The results of the total joint torque are shown in Figure 6.2. We found a main effect
of pose at perturbation magnitudes M4 (F'(1.32,9.24) = 6.18, p = .028, 773 = .46), M6
(F(3,27) = 3.88, p = .02, 171% =.30), and M7 (F'(3,27) = 8.61p < .001, 1712) = .49). At M4
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and M6 none of the post hoc t-tests were statistically significant (Figure 6.2B), but at M7
Tiotal Was significantly larger in the step pose compared to low (¢(9) = 3.79, p = .025) and
middle handle (¢(9) = 4.29, p = .012) pose.

Pose
1604 1normal
Istep

Ilow
mid
1209 1high

404

O T 1 1 T T T 1 1
1 2 3 4 5 6 7 8
Perturbation Magnitude

Figure 6.2: Sum of torques produced in the joints of the body during perturbations. A)
Total joint torques (Tiotq;) across poses and perturbation magnitudes. B) At perturbation
magnitudes of M4, M6, and M7, pose had a statistically significant effect on 7y44;, but no
post-hoc results were significant for M4 and M6. Error bars indicate standard errors of the
mean. Statistically significant effects of pose are marked with an asterisk.

Discussion

The results of the total joint torque calculation show a significant effect of the handle at
higher perturbation magnitudes. In those positions, the total joint torques were signifi-
cantly higher for the step stance pose, indicating an implicit benefit of using the handle.
Namely, while both step and handle poses sufficiently counteracted the perturbations, a
higher torque, as evident in the step stance pose, could be detrimental. Lower loading of
the joints can be linked with lower effort needed to counteract perturbations. For example,
when stroke patients use a handrail or a cane during treadmill walking, the energy cost of
walking is reduced (IJmker et al., 2015). Additionally, high torques could be problematic
for populations at risk of falling, who presumably need support to balance the most (Pi-
jnappels et al., 2008). Therefore, the patients with stroke and with higher risk of falling
can benefit from using a handrail or cane for support as their metabolic effort for balance
control is reduced.
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Chapter 7

Study III - Learning Hand Contacts
in Unpredictable Environment

In this part, I present the paper "Probabilistic Movement Models Show that Postural Con-
trol Precedes and Predicts Volitional Motor Control" by Elmar Rueckert, Jernej Camernik,
Jan Peters, and Jan Babi¢ (Rueckert et al., 2016). The paper was published in a peer-
reviewed journal Scientific Reports in 2016.

This study was conducted together with our colleagues from Technische Universitat
Darmstadt who performed the computational part of the analysis and led the writing of
the paper. I participated in designing the experiment, performed the recordings of the
experimental task, processed the data statistically, and wrote parts of the methods, results
and discussions of the manuscript. In particular, I focused on analyzing and describing
the task-dependent movement of the participants. The presented manuscript addresses
hypotheses H6, H7, and HS.

Figure 7.1: Study III. Learning hand contacts in an unpredictable environment.

In this study we were questioning whether certain motor actions depend on the task,
or some other higher motor priority. We put the participants on top of a movable platform
and asked them to reach toward a target which appeared on the screen in front of them.
During their reaching action we would perturb their balance by quickly moving the platform
laterally. The movement of the platform depended on the movement of the participants’



60 Chapter 7. Study III - Learning Hand Contacts in Unpredictable Environment

non-reaching arm, which they had to use to lean on the table in front of them. The screen
with the targets was positioned in front of the participants at such a distance that it was
impossible for them to touch the screen without leaning on the table. Participants received
a monetary award for each successful reach, to stimulate them to complete the task as fast
and as accurate as possible. With this study we show that in cases with perturbation to
standing balance while completing a reaching task, the participants chose the supportive
contact location based on the position of the target and not only based on the direction
and the magnitude of the perturbation.
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Probabilistic Movement Models
Show that Postural Control
Precedes and Predicts Volitional
Motor Control

Elmar Rueckert?, Jernej Camernik?, Jan Peters’* & Jan Babi¢2

Human motor skill learning is driven by the necessity to adapt to new situations. While supportive
contacts are essential for many tasks, little is known about their impact on motor learning. To study
the effect of contacts an innovative full-body experimental paradigm was established. The task of

the subjects was to reach for a distant target while postural stability could only be maintained by
establishing an additional supportive hand contact. To examine adaptation, non-trivial postural
perturbations of the subjects’ support base were systematically introduced. A novel probabilistic
trajectory model approach was employed to analyze the correlation between the motions of both arms
and the trunk. We found that subjects adapted to the perturbations by establishing target dependent
hand contacts. Moreover, we found that the trunk motion adapted significantly faster than the motion
of the arms. However, the most striking finding was that observations of the initial phase of the left arm
or trunk motion (100-400 ms) were sufficient to faithfully predict the complete movement of the right
arm. Overall, our results suggest that the goal-directed arm movements determine the supportive arm
motions and that the motion of heavy body parts adapts faster than the light arms.

Most of our every day motor skills involve strict control of postural stability in parallel to the execution of the
primary motor task. A great deal of these tasks also require additional supportive hand contacts beside the fee
that are in contact with the ground. An example task is the reaching for a glass on the highest kitchen shelf wher
we typically have to use the other hand to support the body by leaning on the kitchen counter. To successfully per-
form such a reaching motion and to simultaneously ensure the postural stability, the motion of the body and bott
arms have to be perfectly synchronized and coordinated. Till now it is unclear how this coordination develops o
adapts during skill learning.

In general, supportive hand contacts increase the stability during balancing and complement humans’ sophis-
ticated motor abilities. Already light touch fingertip contacts provide sufficient feedback to enhance postural sta-
bility'~*. Notable mechanical support is gained by holding onto a handrail, which enables humans to generatc
contact forces to better counteract perturbations™. A notable exception to these static contacts studies are fal
prevention experiments. It was shown that humans prefer reach-to-grasp strategies to rapid stepping with age”®
All these works underline the importance of contacts but cannot answer the posed question of how the coordina-
tion of supportive contacts and primary tasks develops or adapts.

Like the ability to balance, the utilization of supportive hand contacts has to be learned®!’. In the early child:
hood, learning of postural balance is tightly intertwined with supportive hand motion. At eight months infant:
already learn how to balance on hands and knees during crawling; at ten months they start walking with suppor
from hanging on a table or a couch; and at about one year infants already know how to balance on two feet anc
walk independently across the room'"!2. While it is known that people develop optimal motor control strategie:
both for postural stability and manipulation'3-'6, it is unclear how these two distinctive motor tasks relate tc
each other and how their relationship affect the learning of novel motor skills or when re-establishing moto:
abilities in novel environments. A thorough understanding of these issues is of particular interest for the field o:

HIntelligent Autonomous Systems Lab, Technische Universitdt Darmstadt, 64289, Germany. 2Department fo
Automation, Biocybernetics and Robotics, Jozef Stefan Institute, Ljubljana, SI-1000, Slovenia. 3Robot Learning
Group, Max-Planck Institute for Intelligent Systems, Tuebingen, 72076, Germany. Correspondence and requests fol
materials should be addressed to E.R. (email: rueckert@ias.tu-darmstadt.de)
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Figure 1. Experiment, target dependent contacts and synchronized arm motions. (A) Experimental
setting. (B) The top row shows contact locations for a single representative subject and the bottom row

shows the mean and the confidence bound over all 20 participants. The first 80 trials and the last 80 trials are
unperturbed sessions. Catch trials were initiated during trials 240 to 400 and are denoted by the black lines in
(B). (C) Illustration of the movement onsets of the wrists for the first five trials. (D) Movement onsets when
transitioning to the perturbed session (trials 79 and 80 are still unperturbed).

rehabilitation, where correlations between the primary motor tasks and the underlying supportive motor action:
could be exploited in progress monitoring and novel pre-tests of motor dysfunctions'’. Such pre-tests promise tc
be less sensitive to factors like stress or sleep deprivation. However, to approach that goal we need to identify suct
correlations if existing.

Many of previous studies either focus on control of postural stability’®-*, study adaptation of arm reaching ir
confined lab environments?>%, or study situations when postural stability and arm reaching are only indirectly
related®®3°-*2, In our study we propose an innovative full-body experimental paradigm (Fig. 1A) that extend:
current experimental methods to a more ecological setting where postural stability and manipulation skills are
tightly interrelated and interdependent to each other.

We hypothesize that the arm reaching motions determine the supportive hand contact strategies and that bott
motor tasks adapt during training. In particular, we assume that these two motor tasks are correlated which i
reflected in synchronized motor executions and a significant correlation between target locations and supportive
hand contacts. To effectively elaborate on these hypotheses we designed an experimental paradigm where we
asked 20 healthy subjects to reach with their right arm for a target displayed on a screen while using their lef
arm to maintain postural stability by leaning on a table in front of them. Non-trivial postural perturbations of the
subjects’ support base were systematically introduced to examine adaptation and a novel probabilistic trajectory
model approach was employed to analyze the correlations between the supportive arm motion and the motion o:
the arm to reach for the distant target.

18-21

Results

The experimental setup involved a 6 degrees-of-freedom Stewart platform on which human subjects stood anc
performed the arm-reaching movements. The sum of the anteroposterior components of the left and right hanc
displacements during the reaching was used to generate (or not, depending on the condition) perturbations in the
mediolateral direction; the forward motion of hands caused a leftward displacement of the platform as depictec
in Supplementary Figure S5. The subjects performed arm-reaching movements (called trials) in three types o:
conditions: perturbed (P), unperturbed (UP) and catch (C). In the unperturbed condition, the platform remainec
still while in the perturbed condition the platform induced perturbations. The catch condition was almost the
same as the perturbed case. However, for some randomly selected squat-to-stand trials, the perturbation wat
turned off without the knowledge of the subjects.

To initiate the reaching movements of the subject, a target was presented on the screen at one out of threc
possible locations. The target appeared randomly at the left, the center or the right side on a horizontal bar at
random interval of one to three seconds after the previous trial. We motivated the subjects through a monetary
reward that was proportional to the time needed to reach for the target. This reward was displayed after the targe
was reached. The number zero was displayed if the trial time exceeded two seconds. In our results, we focused or
the y-coordinate of the contact locations as it corresponded to the direction of the translational perturbation. Thit
is indicated by the arrow labeled by y in Fig. 1.

Subjects chose task dependent contact locations.  Analysis of variance (ANOVA) showed a signifi-
cant effect in the left hand contact location between sessions when the subjects were perturbed and unperturbec
during reaching toward targets displayed on screen, F(1,19) =113.632, p < 0.001, npz = 0.857.

SCIENTIFICREPORTS | 6:28455| DOI: 10.1038/srep28455
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The post-hoc analysis showed that the left hand contact location was significantly different between reaching
toward all three distinctly positioned targets in perturbed, #(19) = 6.85t011.58, p < 0.001, and in unperturbec
trials, #(19) =6.78-12.21, p < 0.001.

There were also significant differences between means of contact locations for each target between perturbec
and unperturbed trials (target one, #(19) =10.07, p < 0.001, d=2.01; target two, £(19) =10.22, p < 0.001, d=2.38
target three, (19) =11.51, p < 0.001, d = 3.25), see Supplementary Figure SI.

Further, we analyzed individual sessions of unperturbed, perturbed and catch trials. We compared them witt
each other to determine whether there are any differences between contact locations and for which target posi-
tions they apply.

The first 80 trials out of 480 training trials were unperturbed. We found that there was a significant effect o:
target locations on the supportive contact locations in these first 80 trials, F(1.11,21.14) = 104.61, p < 0.001
n? = 0.846, see Fig. 1B. Post-hoc tests using the Bonferroni correction® revealed that there was significant differ-
ence in chosen supportive contact location between all three targets (£(19) =6.92 t011.66, p < 0.001).

After the initial training phase, all subjects had to adapt to translational perturbations of the support base
Note that to compare the contact locations and the marker trajectories of perturbed and unperturbed trials, we
corrected all sensor readings by the motion of the moving base. We refer to this correction as the subject frame
Later we will introduce shoulder frames to separate adaptation in the trunk and in the arms. Again, we found tha
there was a significant effect of the target location on the contact location over all perturbed trials
F(1.33,25.27) =116.39, p < 0.001, 77; = 0.86, see trials 81t0240 in Fig. 1B. Post-hoc tests showed a significan
difference in the chosen supportive contact location among all three targets (#(19) = 6.85t011.58, p < 0.001).

Consolidation of the postural control strategies was tested through randomly initiating unperturbed trial
(catch trials). In the last phase of perturbed trials (trials 320 to 400), where adaptation can be assumed to b¢
converged, the perturbation was deactivated for 30 random catch trials. When comparing initial training trial
with catch trials post-hoc tests showed no significant difference for all three targets, target one (£(18) = —1.99
p=0.062, d=—0.74), target two (¢#(18) = —3.28, p=0.004, d = —1) and target three (#(18) = —1.03, p=0.315
d=—0.39). Comparison of perturbed and catch trials showed significant differences in contact locations for al
three target locations (#(18) = —11.24 to —12.97, p < 0.001, d = —2.44 to —1.93). For the washout, no significan
difference was observed between contact locations for individual targets when comparing catch and final trials
401 to 480 (#(18) =—1.59 to 1.28, p=0.13 t0 0.22, d=—1 to —0.39).

In summary, we found that subjects chose distinct contact locations dependent on the target location on th¢
screen. Catch trial tests revealed that the participants learned specialized control strategies for unperturbed anc
perturbed conditions. However, whether the distinct contacts result from trunk or left arm adaptations can no
be answered from looking at contact locations only. That requires a more detailed analysis of the temporal profiles
for which we will introduce a probabilistic trajectory model.

Supportive and goal-directed movements synchronize. Decreasing reaction times are an indicatos
for adaption of a pre-processing phase®. In line with this, we found that the movement onsets of the left and the
right wrist synchronize within 3-5 trials in the unperturbed training phase (left wrist: 323 +44(SD) ms, righ
wrist: 335446 ms) and when the perturbations are experienced for the first time (left wrist: 333 £ 48 ms, righ’
wrist: 342 £ 49 ms). The movement onsets of all subjects in the first five unperturbed trials are shown in Fig. 1C
In Fig. 1D onsets of the last two unperturbed trials (79 and 80) and of the first four perturbed trials are shown.

No significant lead or lag of the supportive left arm motion over the right arm reaching movements was founc
in the data. This is shown in an illustration of movement onsets of all subjects in Supplementary Figure S2.

Modeling joint distributions over limb trajectories. Reaction times are sensitive to signal noise, neec
to be verified through visual inspection and allow only for a limited view on the functional mechanisms during
skill learning. As an alternative to reaction time studies, we propose to analyze adaptation on a trajectory basis
For that we developed a probabilistic trajectory model (PTM) that encodes a joint distribution over multiple limt
trajectories and over multiple coordinates like x, y, z components of three-dimensional marker data. Here, we give
a brief summary of PTMs and for a precise mathematical definition we refer the reader to the Methods section.

The main feature of the model is that it captures the correlations between individual input dimensions. The
model builds on a linear function approximator using radial basis functions with fixed means and variances
The amplitudes of the basis functions are scaled by learnable feature weights. Now both, the basis functions anc
the weights, form a linear generative model of a trajectory, i.e., T= ®w (with the trajectory 7= [y}, 5, ..., ¥]
time-varying observations y,, basis functions in ® and feature weights w). Figure 2A shows the encoding of ¢
single trajectory using classical radial basis functions. Note that the model is linear in the feature space, howeve:
it can capture non-linear dependencies in the trajectory space (through non-linear basis functions). The model*
complexity is controlled through the number of basis functions. For the reaching experiments ten Gaussian dis-
tributions per dimension were found to be sufficient, see Supplementary Figure S3.

The feature vector w can be learned in the most simple case through standard linear regression or in more
sophisticated models through one of the many existing variational inference methods™.

A PTM encodes multiple input dimensions through a concatenated feature vector (a two-dimensional exam-
ple is illustrated in Fig. 2B). This concatenated feature vector scales the contribution of an extended basis functior
matrix. Thus, the only difference to standard radial basis functions is a clever arrangement of basis functions anc
feature vectors to represent multiple input dimensions in one model.

To model a distribution over trajectories the mean and the covariance over multiple trials are computec
from the inferred feature vectors (e.g., through linear regression). An example is shown in the center panel ir
Fig. 2B. The mean and the covariance encode a distribution over trajectories in the feature space and througt

SCIENTIFICREPORTS | 6:28455| DOI: 10.1038/srep28455 H
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Figure 2. Probabilistic model of trajectories, from a feature space (left column) to trajectories (right
column). (A) Generative model. Equally spaced (radial) basis functions are amplitude scaled by a feature
vector to approximate a one-dimensional trajectory. A movement phase substitutes time to model trajectories
of different lengths. In the inverse direction, feature vectors are computed given the input trajectories using,
e.g., standard linear regression techniques or iterative variational approaches like expectation-maximization.
(B) Learning the correlations between multi-dimensional input trajectories. Feature vectors computed from
multiple input trajectories are concatenated and the mean and the covariance are computed from multiple trials
(or subjects). The learned correlation in the center panel is the key features for computing predictions from
partial observations. The distribution over trajectories is shown in the right panel.

the relationship 7= ®w, the distribution can be mapped (back) to the time domain. It is worth mentioning tha
a PTM can represent trajectories of varying lengths by substituting time by a movement phase. The last panel ir
Fig. 2B shows an illustrative example of a trajectory distribution and the corresponding input trajectories using
amovement phase.

To conclude, the advantage of the presented time-series model is that it can be formulated as a generative
probabilistic model for which many learning algorithms and similarity measures exist. The model can encode the
signal variation and can be used to compute operations like predictions, model comparisons or trial likelihoods
These operations are explored in the present study on postural control with supportive contacts.

Supportive contacts predict goal-directed movements. The learned and represented correlation o:
multiple limb trajectories can be exploited in computing predictions. This feature is used here to investigate if lef
wrist trajectories can predict the right wrist reaching trajectories. To separate the contributions of the trunk anc
the left arm, we transformed the wrist marker trajectories to a shoulder frame. For that the wrist positions in the
subject’s coordinate frame were additionally corrected by the time-varying shoulder marker positions.

For increasing observation horizons up to 400 ms, exemplary predictions of the y-coordinate of the arm tra-
jectories are shown in Fig. 3. For these examples the target prediction error was below 5cm when observing only
the first 300 ms of the left wrist motion. Note that the distance between the two exterior targets on the screen wat
80 cm which defines the maximum error. Averaged over all subjects, the prediction error was 12.3 9.8 cm for ar
observation horizon of 300 ms. When observing the complete trial the error was 6.4 & 5.5 cm. Per subject error:
are shown in Fig. 4. Note that to obtain these results we used 18 trials for training (trials 170-320) and 18 trial
for testing (trials 321-400).

In summary, the PTM was used to train models of trajectory distributions that could predict the goal-directec
reaching motions from observing solely the supportive left wrist movements. Accurate predictions at an early
execution phase (i.e., the first 300 ms), where the effect of visual feedback is negligible, indicate that supportive
contacts are at least partially pre-processed.

Trunk adaptation precedes arm adaptation. To investigate adaptation of the supportive contacts we
fitted Gaussian distributions to the contact locations recorded in the three phases of learning—the unperturbec
training phase, the phase of perturbed trials and the final washout phase. Histograms over the contact locations
in the shoulder frame are shown in Fig. 5A, where UPI denotes the initial training phase, P the perturbed trial:
and UP6 the sixth session that was the washout phase. During the perturbed trials of the experiment, we found ¢
shift of contacts to the right, or in other words, the left hand is moving closer to the center of the table in Fig. 1A
Note that the particular values in meters differ in Fig. 1A and in Fig. 5A. In the later the contacts are plotted ir
the shoulder frame.

SCIENTIFICREPORTS | 6:28455| DOI: 10.1038/srep28455 L
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Figure 3. Supportive contacts predict goal-directed movements. (A) Partial observations of the left wrist
predict right wrist future states in (B). For increasing observation horizons of the y-coordinate of the left wrist,
the predicted right wrist trajectories converge to the true trajectory (illustrated as dashed line in (B). The final
Euclidean error (to the true reached target on the screen) of less than 2 cm after 300 ms is 40 times smaller than
the distance between the two outer targets (that is 80 cm).
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Figure 4. Target prediction error over all subjects. (A) Averaged prediction error for 19 subjects when
observing 300 ms of the left wrist marker trajectories in perturbed trials. (B) The prediction error when
observing the whole left wrist motion. Illustrated are the mean and the standard deviation over 18 test trials
(six per target). One subject of 20 was excluded as less than six trials per target were recorded. Note that the
maximum error or the distance between the two outer targets in the screen is 80 cm. (C) Mean and standard
deviation over all subjects.

The fitted Gaussian distributions in Fig. 5A indicate a symmetric shift of UP6 with respect to P, which implie:
a possible after effect of perturbations. On the other hand, the reduced variance of UP6 with respect to UP1 anc
the overlap of both distributions suggest the increased precision of supportive hand contact at UP6 compared tc
UPLI. To better understand this, we performed additional statistical analysis where we compared contact location:
of UP1 and UP6. We found out that for two out of three targets, the contact location at UP1 was statistically dif-
ferent to the locations at UP6 (#(19) = —4.29 to —4.16, p < 0.001, d=—1.01 to —0.75) while for one target (righ
most) there was no difference between the contact locations (#(19) =0.07, p=0.948, d=0.01).

To compare the similarities between the fitted Gaussian distributions for the three phases of learning, we
used a Kullback-Leibler divergence (KL) distance measure. In line with the observation of the shift of contacts
we found strong similarities between the unperturbed phases, i.e., KL(UP1||UP6) = 0.019. In contrast for the
transition to the perturbed trials we computed a distance of KL(UP1||P) = 0.20. For the transition to the washou
phase, we found KL(P||UP6) =0.126.

A more detailed investigation was conducted by analyzing trajectory similarities using the PTM. As reference
model, trajectories of the last 20 trials in P or UP6 were used. We compared the reference model to a trajectory
model trained from 20 trials in a moving window. The moving window traverses from trial 10 to trial 460 whict
is denoted by the shaded boxes in Fig. 5B,C. Individual models were trained for the left wrist, the right wrist anc
the trunk. We found that the trunk model converged about five times faster than the left wrist model. For that we
used one-term exponential models of the form y = cexp(\x), where for the trunk A\, = 0.03 and for the left wris
A;=0.006. This result is highlighted in the inlay in Fig. 5B.

We found that the distribution over model parameters for generating trunk kinematics converges faste:
than the model for generating the arm kinematics. This is an potential indicator that postural control precede:
volitional motor control. Our finding can be explained by the importance of correct trunk motions to preven
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Figure 5. Trunk adaptation precedes arm adaptation. (A) The adaptation process of the contact location is
illustrated by computing the KL-divergence between the first unperturbed session (UP1), the perturbed trials
(P), and the last unperturbed session (UP6). The underlying data is shown as histogram with the Gaussian
model fits as overlay. (B,C) For a detailed temporal analysis, the KL-divergence between a set of training trials
(a sliding window of 20 trajectories) and a set of test trials (B) last 20 trials in P, (C) last 20 trials in UP6) is
investigated. An exponential model fit is presented in the inset in (B).

falling as observed in related work®"*¢. When comparing the prediction accuracy however, we made an interest-
ing observation. During early phases of the motor execution the left wrist results in more accurate predictions
However, when observing the complete motion, the trunk was more informative for predicting the right arn
movements, see Supplementary Figure S4. This result suggests that the supportive motion has a stronger effect or
the task performance during early phases compared to the massive trunk.

Discussion

It is known that supportive contacts aid postural control in humans. Contacts increase the subjects’ belief abou
their poses in board balancing tasks?, in tasks without visual cues®?, and have an effect on learning balancing
strategies during task adaptation®. While these studies demonstrated the importance of contacts for human motor
control, the contacts where static and pre-defined based on the experimental setting. In this study, we investigatec
the effect of the active choice of supportive contacts on motor control. Under natural conditions subjects were
able to choose supportive contact locations to aid target reaching. Utilizing a developed probabilistic trajectory
model (PTM), we found that the supportive motions leading to contacts could predict goal-directed reaching
movements. A comparison of the rates of convergences of the model parameters in our PTM indicated tha
learning of postural control and arm reaching strategies proceeds on multiple time scales. These findings have
important implications on medical care in diseases related to central nervous system disorders (such as dementia
Alzheimer’s, Parkinson’s disease or stroke), computational neuroscience and robotics.

A pre-test for central nervous system disorders affecting postural control. Many central nervous
system disorders affect not only cognitive abilities related to memory consolidation but also postural control. Fo:
example, an underdevelopment of postural control is a well known symptom in autism****. Early detection o:
these diseases is of utter importance for medical care. However, most pre-tests focus on cognitive functions tha
are influenced by many factors such as stress, sleep deprivation and age. Classical tests targeting motor coordi-
nation abilities are unnatural like for example the grooved pegboard test*’, where the goal is to fit pegs of variout
shapes into punched holes. The presented experimental setting has the potential to become an alternative pre-tes
that investigates postural control and motor learning under natural conditions. Deficits in motor control can be
quantified in terms of the model prediction performance as shown in Fig. 3. In the tested subjects, the average
prediction error of the goal-directed target reaching motion was 6.4 & 5.5(SD) cm out of a total range of 80 cm
Note that for these predictions the model input was solely the x,y,z coordinate of the supportive motion, se¢
Fig. 4B. While the predictions were accurate for the tested healthy subjects, we speculate that participants witl
motor dysfunctions would show inferior prediction performance scores.

However, a limitation of the presented experimental setting is its simplicity. In our experiments the partic-
ipants reached for a static target at one out of three possible locations on a horizontal line. Synchronization o:
movement onsets within 3-5 trials (see Fig. 1C,D) indicates that the task might be too simple to show significan'
effects in subjects with central nervous system disorders. More complex tasks could consider for example moving
targets at arbitrary locations on the screen.
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Evidence for learning on multiple time scales.  For many tasks motor memory consolidation proceed:
on different time scales®*"*2. In particular, postural control is adapted on a faster rate in contrast to goal-directec
movements. For example, Huys et al. showed that postural sway precedes eye and head movements (3:2 or alsc
3:1) in subjects learning to juggle®. In line with this finding, we found that trunk adaptation to maintain bal-
ance seems to precede the learning of optimal (here task correlated) supportive contact motions. Concretely
the learned generative model of trunk kinematics converged about 5 times faster than the model of the left wris
kinematics, see Fig. 5B. This result is another indicator for a hierarchical organization of motor control witt
the difference that we analyzed adaptation on a trajectory level in contrast to single time step models!*?>*!. The
developed PTM may extend future computational models for optimal feedback control by combining sequentia
predictions of feed forward commands and the integration of perceptual feedback.

A potential deficit of such an optimal feedback controller is that we analyzed adaptation on a kinematic level
where limb inertia has a delayed effect on the recorded marker trajectories. For example, while expressive motior
vectors can be observed for the light weight arms, the massive trunk may have moved just for few millimeter:
which could result in inaccurate predictions. This hypothesis is confirmed by our results, where at early move-
ment phases (up to 300 ms) the left wrist leads to more accurate predictions than the trunk, see Supplementary
Figure S4. For observations of the complete trial however, the trunk motion is more informative. To avert the
effect of limb inertia the PTM could be trained from Electromyography (EMG) patterns. Such models could be
used to predict motor commands on a muscle level and could help to better understand the underlying moto:
control mechanisms.

A robot controller that actively seeks for contacts. In this research we studied whole-body coordi-
nation mechanisms of arm reaching and postural control with additional hand contact. We investigated how
humans perform reaching movements with the right arm in postural challenged conditions. Postural balance
was maintained by establishing a supportive hand contact with the other arm. In effect, both arms had to per-
form reaching movements where one arm reaches for a distant target and the other arm reaches for a supportive
hand contact. We found that humans preferred distinct contact locations for each of the three targets that wert
displayed. Such a context dependent controller could advance current abilities of humanoid robots as it wa:
envisioned in the European project CoDyCo. In particular, our results suggest that different supportive contac
strategies should be initiated based on future intentions. This has not been done so far as research on anticipatory
controller focused largely on balancing*-*¢ or on compensating for external forces*’~*.

In our experiments the modulating factors (the context) were the distance to the target, its location on the
screen and the postural perturbation. The distance was chosen such that subjects always made a contact to avoic
falling when reaching. We only investigated the effect of the contact location and used pre-defined translatera
support base perturbations. The perturbations had no effect on the results. In unperturbed and perturbed con-
ditions the subjects chose target dependent contact locations, see Fig. 1B. Future research may explore the effec
of distance to complement a robot controller that autonomously decides in which situations to make supportive
contacts.

Methods

Participants. Twenty right-handed male subjects (age: 20.8 & 1.8(SD)) participated in the reaching exper-
iments. None reported any neurological or musculoskeletal disorders (self-reported). Prior to their participa-
tion, the subjects were informed about the course of the study and were required to sign an informed consen
approved by the National Medical Ethics Committee Slovenia (NO. 112/06/13). The experiments were carried ou
in accordance with the approved guidelines of the National Medical Ethics Committee Slovenia (NO. 112/06/13)
All experimental protocol were approved by the National Medical Ethics Committee Slovenia (NO. 112/06/13).

Apparatus. Participants stood on a force plate (9281CA, Kistler Instrumente AG, Winterthur, Switzerland
mounted on top of a Stewart platform®'. The force plate was used to measure the six components of the ground reac-
tion forces and torques to determine the center-of-pressure (CoP). The CoP was used to improve the quality of the
automatically computed movement onsets of the left and the right wrist. In addition to a commonly used peak veloc-
ity criteria (two percent was used as threshold here) we ensured that the CoP velocity profiles exceeded a thresholc
of 0.001 meter per second. By that we could eliminate most trials with incorrectly computed movement onsets duc
to small movements of the wrists prior to the actual reaching motion. The correctness of the automatically computec
movement onsets was verified through a visual inspection of the velocity profiles of all 9600 trials (480 trials x 2(
subjects). Trials with incorrect movement onsets were either manually labeled or rejected.

A second force plate of the same type was mounted anteromedial to the subject’s hip position. In concrete
this force plate had an offset of Ax=0.42m, Ay=0m, and Az=0.92m with respect to the base. This force
plate was used like a table providing additional support during reaching. The contact locations shown in Fig. ]
were defined as the left wrist position at the peak supportive contact force. In front to the contact force plate we
mounted a screen. Both, the force plate and the screen were adjusted in height based on the subject’s trunk heigh
(56.5+2.4cm).

The Stewart platform was used to apply translational perturbations in the mediolateral direction (ML)
Specifically, the displacement of the platform was proportional to the sum of the anteroposterior (AP) component:
of the left and right hand displacements (denoted by Ax;y, and Axgy,). The maximal displacement of the Stewar
platform was set to 0.2m and corresponded to the situation when the subject’s left hand was at the far edge of th¢
table and the finger on the right hand touched the screen, see Supplementary Figure S5. For this scenario the plat:
form position in the (ML) direction was computed as pos = 0.1[ Axyy/dpy + Axpw/dgw], where diyy, = 0.68 m anc
dpw=1.12m. For tracking the desired platform position a P-controller with a gain of K, =9 was used.

SCIENTIFICREPORTS | 6:28455| DOI: 10.1038/srep28455 7



68 Chapter 7. Study III - Learning Hand Contacts in Unpredictable Environment

www.nature.com/scientificreports/

A motion capture system (NDI 3D Investigator) was used to track the participants wrists and trunk move-
ments. Three motion tracking markers were attached to each wrist to compensate for occlusions during the reach-
ing motions. At least one marker needed to be visible and for more than one visible marker the position wa:
computed through averaging. Two markers were attached to the back at the scapulae to transform wrist trajecto-
ries to shoulder frames and to estimate the trunk motions (i.e., the center location of the two shoulder markers)
Additional markers were placed at the screen, at a wearable thimble to estimate the right index fingertip positior
and at the force plate mounted on top of the Stewart platform.

Coordinate frames. If not stated different, the results are defined in the subject’s coordinate frame. To com-
pensate for the translational perturbations of the Stewart platform a marker was attached to the support force
plate. The subjects coordinate frame was defined as the force plate marker position minus the initial left wris
location (to correct for small deviations of the subject’s feet placement throughout the experiment).

Wrist trajectories (see Fig. 3) were computed in the shoulder frames to isolate trunk and arm adaptations. Ir
particular, the wrist positions in the subject’s coordinate frame were additionally corrected by the time-varying
shoulder marker positions.

Procedure. Participants had to perform 480 trials of reaching in blocks of 80 trials. After each block the sub-
jects had a five minutes break. Only the first and the last 80 trials were unperturbed (see Fig. 1B). To investigate
negative after effects, the perturbation was deactivated for 30 randomly selected reachings during trials 240 tc
400. The participants were not informed about these catch trials.

Prior to each trial, subjects were required to stand upright moving as little as possible. A bar on the screer
indicated anteroposterior fluctuations of the CoP in real time with respect to the initial CoP value. This initia
CoP was measured at the beginning of the experiment. If the mean of the deviations averaged over 500 ms wa:
less than 1 cm the start of the trial was initiated. After one second the target was presented at one out of thre¢
locations (target onset). The targets were displayed at a height of 1.5m (z-coord. in Fig. 1A) and at a distance o
1.12m (x-coord. in Fig. 1A). The y-coordinates of the three targets were —0.4, 0 and 0.4 meter. Note that thre¢
targets were chosen to define a non-trivial prediction problem that can be solved using the probabilistic trajectory
model. In this case the trivial prediction in form of the mean over all kinematic trajectories would result in bac
prediction performances for target one and target three.

After arandom period (1-3 sec) the target’s color switched and the subjects were allowed to move. Movement:
prior to that visual cue terminated the trial. The target was reached if the distance between the fingertip and the
target on the screen was less than 1cm.

Participants received a monetary reward after each trial based on the time needed for reaching, i.e.
EUR =0.1-0.05¢ where ¢ denotes the reaching time in seconds. The reaching time was defined as the difference
between the target onset and the time until the target was reached. On average the subjects received five cent:
per trial which corresponds to a reaching duration of one second, see Supplementary Figure S6. If the target was
missed, or if the target was not reached within two seconds, no reward was given.

Data processing. All measurements of the force plates and the motion capture system were recorded at ¢
rate of 100 Hz. Redundant marker settings on the wrists and on the thimble were used to compensate for occlu-
sions. For that three markers were used for both wrists and the thimble. If all markers were occluded the tria
was excluded from the analysis. For two or three correctly observed markers we computed the average for eacl
coordinate (x,y,z). All marker trajectories were low-pass filtered at 5Hz using 2nd-order Butterworth filter.

Statistical tests. Statistical analyses were performed using SPSS 21 (SPSS Inc., Chicago, USA). For eact
subject, an average of left hand contact location in mediolateral direction was calculated for every combinatior
of balance perturbation (unperturbed, perturbed and unperturbed catch trials) and target locations. The average
values of the individual subjects were then used for statistical analysis. Effect of perturbation was investigatec
using one-way repeated measures ANOVA. Differences between perturbed and unperturbed sessions for eacl
combination of independent variables were tested with post hoc t-tests with Bonferroni correction. The level o:
statistical significance was set to 0.05.

Computing predictions through conditioning. Conditional probabilities and predictions are relatec
concepts in statistical modeling. A prediction problem can modeled as computing the conditional probability
denoted by

p(BJA) = p(4, B)/p(4), 5

where A and B represent two random variables (RVs). In our experiment, the variable A could encode the prob-
ability of a certain contact location on the table and the target location is represented by the RV B. The join
distribution p(A, B) is the learned model and p(A) is a prior over all possible contact locations. Given a particulas
contact location p(A = a), we can compute the most likely target the human tries to reach. Throughout the paper
we will use the shorthand p(a) to denote p(A = a), which is the probability that the RV A takes the value a to keef
the notation uncluttered.

A particular interesting class of distributions are Gaussian distributions

SCIENTIFICREPORTS | 6:28455| DOI: 10.1038/srep28455 €



69

www.nature.com/scientificreports/

N (x|, ) Xp[*%(x e u)],

1
B ==———
@2m)"? Jdets

with the n-dimensional RV x € R”", the mean y and the variance X. In Gaussian distributions, conditional distri-
butions can be computed in closed form. To see this, we define a multivariate normal distribution by concatenat-

@

ing two RVs. The two RVs denote the contact locations and the targets, i.e., x = (a)) w= Fal anc

b Hy
> = ;““ ;ZZ . Using these definitions in (2) and after rearranging the terms, the parameters 11, and ¥, of the
b
conditional distribution can be computed as

p(bla) = N(blub‘u, Epja)s 3
with 'u'b\u = ,LLb + Ebazbh_l(a - )uu)x

and %y, = By — Ty, 5y Ty

Given multiple measurements of a and b we can compute the statistics ¢ and 3. For some during training
unseen contact location a” we can now predict the most likely target location (parametrized through Hy| e ANC
2b|u*)' In the following we will extend this powerful feature of computing predictions to time-series data o1
trajectories.

Phase modulated probabilistic models of trajectories. The same conditioning operation can be usec
for computing predictions in trajectories if the RVs encode feature vectors in function approximation, see Fig. -

a
for a sketch. Let Y, = ht denote a concatenated state at time ¢ representing the contact location and the target

Only for the sake of clari[ty we will again assume that the contact location and the target are scalars. As we will se
later the results generalize to multi-dimensional states. In addition, we will assume for simplicity that each dimen-
sion in y, is approximated through a J-dimensional feature vector w € R’*! and basis function vectors ¢, € R/
e.g. a,= pw, with ¢, =[¢,1, ..., ¢,;]7. A large variety of possible basis functions can be used for time series approx:
imation. A popular choice for rhythmic movements are Von-Mises basis functions, whereas Gaussian basis func-
tions are widely used for point to point movements®>*. In this study we used Gaussian basis functions with

00y = 5 0|~ (0 = ),
where Z = 2,’:1 exp(—1/2h(z(t) — c,)z) denotes a normalization term. The function z(f) implements a mapping
from discrete time steps to a movement phase, i.e., z(t) = (t — 1)/(T — 1) with z: t € [1, T] ~ [0, 1]. In this nota-
tion state sequences of different length can be modeled and are aligned through the movement phase. Note tha
in our reaching experiments z(t) = 0 denotes the movement onset and z(t) = 1 the event when the target wa:
reached. The scalar ¢; € [0, 1] denotes the center of the i-th basis function and k is the bandwidth parameter.

In general, D-dimensional states can be approximated in y,= ®, w using block diagonal matrices ®, € RP*/*

T
and concatenated feature vectorsw = [w, ..., wp] € R'®*. For example, when modeling contacts and targets

¢ 0

w=[w!, w ]T and a block diagonal matrix of the form @, = is used.

t
Sequences of T states, denoted by 7=y,.;, can be compactly represented by
=& w with ®,=[ ..., & eRPP 4

where @, denotes an extended basis function matrix. Using the function approximation in (4) we can define th¢
generative probabilistic model for trajectories

plriw) = ﬁN(yth)tw, Ey) = N(y1:T|<I>1:Tw, Ey),
=1

where 33, models zero mean independent and identically distributed (i.i.d.) Gaussian noise in y,= ®, w + &, with

€, ~ M(g,|0, X,). In order to represent a distribution over trajectories p(7), we can apply the product rule showr
y y y

in (1) and compute the marginal. For Gaussian distributions, in particular for p(w) = N(w|p,,, X,,), the mar-

ginal can be computed in closed form

p(r) = fp(‘r\w)p(w)dw

fN(yltT\QI;Tw, )N, Z,)dw
= N(yl:T‘QI:TW’ QI:TEWQT:T + 2}/) . (5
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The mean p,, and the covariance matrix 3, can be learned from data by maximum likelihood using the
Expectation Maximization (EM) algorithm®®. A simpler solution that works well in practice is to compute firs
the most likely estim ate of wl!! for each trajectory 7' independently, where the index i denotes the i-th demon-
stration. In particular, given the trajectory 717, the corresponding weight vector w!! can be estimated by a straigh
forward least squares estimate

wil = (@[, @, + AD '@ 71 (6.

Note that the least squares estimate is also known as regularized pseudo-inverse solution to the generative
model 7= & ,wl. The regularization parameter ) is used to avoid numerical singularities. In our recordingt
we used A= 1e— 6. After computing the vectors for each trajectory, the mean and the covariance of p(w) can be
estimated by the sample mean and sample covariance of the w! vectors.

Computing predictions in trajectories. Let us assume that we have observed a sequence of states y, oy,

atm=1,2, ..., M different time points, which do not need to be sampled at uniform intervals. In addition, notall o
the dlmensmns in the vector y, might be observed (e.g. due to occlusions, where irrelevant dimensions are
assumed to be set to some real number) We introduce the homogeneous covariance matrix X, to control the

importance of the observations, where small dlagonal variances denote important dimensions and large scalar:

1675 0

irrelevant dimensions. For example, we would use if only the first out of two dimensions i

observed (as in the example with contact locations and targets) Let us further denote ®, as the concatenation o:
the basis function matrices for these time points and o as concatenation of the y, vectors. Given these observa-
tions, we can obtain a conditioned distribution p(w|o) over the weight vectors

p(wylo) o< N(o|®,w,, X,)p(w)
= N(Wumw\o» Ew\o)’
with g1, = p,, + 5,85 (5, + 8,2,%)) (0 — B,p,,),
and %, =3, - 2,83, + ¢,2,8) '$,3,,
which recovers the conditioning result in (3) in the feature space.

To predict the state sequence ¥, ., the conditional distribution is projected back into the trajectory space using
(5). The result is a distribution over trajectories

p®) = NI, 1 Bt B, @l + 3)), 7

where for #),< T'in the observationso = [y , Vi o ] future states can be predicted. For details on the imple-
mentation and usage of the model we refer the re reader to the Supplementary Code to this manuscript®.

Computing model comparisons in trajectories. Using the proposed probabilistic trajectory mode
(PTM), two trajectory models can be compared through computing the Kullback-Leibler (KL) divergence. Foi
Gaussian distributions as in (5) the KL divergence can be computed in closed form

1 b _ -

KLV V) = 3 log :2_2“ = (38 + (= ) 55 (e, — ),
1

where A denotes a Gaussian with the n-dimensional mean g, and the covariance X,. The symbol tr denotes the

matrix trace.

Computing task likelihoods in trajectories.  Another important probabilistic operation is the computa-
tion of the task likelihood. This operation can be used to test which candidate model out of several best explains
the data. Let V, ( |, ) denote the model under test. Given a single trajectory sample 7" and its feature space
representation W' we can compute

N,

)

L(w*

log NV, (w*|pt, &

= — %(u - w*)T 2—1(“ — w*) + a constant,

which quantifies how likely 7* = ®,,;w" was generated by model A, o, B).
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ABSTRACT

This supplement provides additional figures to the human recordings (Fig. S1, S2), the probabilistic trajectory model (Fig. S3,
S4) and the experimental setting (Fig. S5, S6).
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Figure S1. Supplementary figure, Means of the contact locations: From left to right the means and the standard
deviations over all 20 subjects are shown for the three target locations. In each panel we contrast the unperturbed and the
perturbed session.

Details to Supplementary Figure S7 The primary role of the monetary reward was to motivate the subjects to perform fast
reaching movements. By that we could study skill adaptation within the first few hundred milliseconds where feedback had no
effect. Here we provide additional results that show that the target location had an effect on the reward but not the experimental
condition (unperturbed or perturbed).

Analysis of variance (ANOVA) showed significant effect in the amount of monetary reward between sessions when the
subjects were perturbed and unperturbed during reaching toward the targets, F(1,19) = 8.581, p = .009, nl% = .311.

Post hoc analyses showed that the amount of received reward was significantly different between reaching toward all three
distinctly positioned targets in unperturbed trials,7(19) = —15.44 to 11.77, p < .038, and between targets 1 and 2 and targets 2
and 3, 7(19) = —15.51 to —12.51, p < .001 in perturbed trials.
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Figure S2. Supplementary figure, Lead of the left wrist in 12 out of 20 subjects: We show the difference of the
movement onsets (left wrist minus right wrist). The underlying data are representative trials of the 2nd perturbed session (170

to 240), where learning converged.
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Figure S3. Supplementary figure. Model complexity (number of basis functions) determines the reconstruction
error: With an increasing number of basis functions the reconstruction error (shown in millimeter) decreases. The
reconstruction error is defined as the Euclidean distance of the generated trajectory to its observed counterpart. For the three
limbs, left wrist, right wrist and trunk, the error converges to zero with more than nine basis functions. Ten basis functions are
used in the experiments in the manuscript.
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Figure S4. Supplementary figure, Trunk vs. Left Wrist prediction error: Average prediction error in cm over all
subjects given the left wrist (LW) or the trunk motion as observation.
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Figure S5. Supplementary figure, Translateral perturbations: A) The Stewart platform was used to apply translational
perturbations in the mediolateral direction. Specifically, the displacement of the platform was proportional to the sum of the
anteroposterior components of the left and right hand displacements. The maximal displacement of the Stewart platform was
20 c¢cm and corresponded to the situation when the subject’s left hand was at the far edge of the table and the finger on the right
hand touched the screen. B) Sample trajectories of the left wrist, the right wrist and the displacement of the platform.
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Figure S6. Supplementary figure, Monetary rewards received: Illustration of the received rewards averaged over all 20
subjects. The shaded region denotes the confidence bound.
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Figure S7. Supplementary figure, Means of monetary rewards received: From left to right the means and the standard
deviations over all 20 subjects are shown for the three target locations. In each panel we contrast the unperturbed and the
perturbed session.

However, the post hoc analysis showed that there were no significant differences between means of received reward for
each target between perturbed and unperturbed trials (target one, (19) = 3.42, p = .057; target two, #(19) =2.9, p = .171;
target three, 1(19) = 3.47, p = .057).
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Chapter 8

Conclusions

The aim of this thesis was to answer a few specific questions regarding postural control.
Specifically, the focus was on control and adjustments of posture in situations where whole-
body balance is compromised while standing and holding a stationary handle. The effects
of this active support were evaluated in a series of experiments. We used the perturbation-
based experimental paradigms where balance of the participants was challenged by either
moving their base of support or applying forces directly to their COM. In this way we
established a controlled experimental environment where we could faithfully measure the
effects of the extended base of support on standing balance. Furthermore, it enabled us
to observe and measure the mechanisms of postural control with and without additional
hand support.

The first goal of this thesis was to explore the mechanisms of postural control which act
during mild, continuous and varying perturbations. The second goal was to characterize
the different standing postures, with and without holding a handle during discrete pertur-
bations and to find out which of these postures is least affected in terms of loss of balance
and energy expenditure. Finally, the third goal was to explore whether the positioning
of the supportive contact (i.e. leaning on a table) is determined by an ongoing task, an
unexpected perturbation or both. I successfully answered all the questions which we set
at the beginning of the thesis. Therefore, the main findings are as follows:

Study I. The extended base of support, achieved by firmly holding a stationary han-
dle, plays a significant role in continuous balance-perturbing environments. Furthermore,
besides the reduced movement of the COP, the results also show a significant change in
the overall posture. Namely, we found that when the participants did not hold the handle
during the perturbations, their posture changed from complete extension in their knees
and hips to slightly flexed configurations of these joints. As a consequence, the position
of their COM moved closer to the base of support and the range of motion in these joints
increased. A lower vertical position of the COM allows more control over balance, and
a larger range of movement in the joints facilitates more possibilities for movement and
adjustments of posture. Beside the changes in posture, we found an interesting change in
the variability of movement of the COP. It appears that the COP movement was larger
when the participants were holding a handle compared to when they were standing freely.
This finding implies that because of the extended base of support, the range of whole-
body movement was automatically ’allowed’ to be larger. By examining the activity of
postural muscles, we found an overall reduction in trunk and leg muscle activity when the
participants held to the handle. The reduced muscle activity due to the different config-
uration of posture (holding a handle, engaging/including the arm muscles and extending
base of support) was evident right from the start of the perturbation period. And even
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though the additional support actually allowed for more movement of the body, it seems
that controlling this movement did not require more effort - quite the opposite. It appears
that using muscles that are closer to the source of perturbation actually facilitated balance
control. In the additional analyses we have also shown that the frequency component of
the COP movement changed when the participants released the handle and were standing
freely. A significant share of frequencies shifted to a higher frequency band (1 - 3 Hz)
which indicates a loss of somatosensory cues which were present when the participants
were holding a handle. Finally, by calculating the cumulative joint work, we estimated
the total body energy expenditure which increased with the increased postural threat (i.e.
when the participants were not holding a handle).

Study II. Handles are meant to provide additional support and to prevent falls due to
a sudden loss of balance. However, the mechanisms of using handles mounted at different
heights are not yet fully disclosed. We simulated full body perturbations by applying an
anterior force to the waist of the participants to induce backward motion and investigated
effectiveness and mechanisms of balance recovery in five different postures: step stance and
normal stance with or without holding handles mounted at different heights. Results in-
dicate that both step stance and holding handles at different vertical positions sufficiently
assist balance recovery, compared to normal stance. While there was no significant effect of
handle in COM displacement, we found that at higher perturbation magnitudes the calcu-
lated total joint torque started to differentiate between the handle positions. Furthermore,
using the shoulder height handle for balance required the lowest force exerted on the handle
and the direction of the applied force changed significantly which indicates a difference in
using this aid. A finding that young adults predominantly ’hang’ onto handles positioned
over their heads, while they 'push/pull’ onto lower positioned handles provides the basis
for optimal positioning of assistive handles. Additional analysis of calculated joint torques
showed that the loading of the joints was significantly lower when the participants were
using the handles. However, the difference between handles mounted at different heights
was not established.

Study III. While supportive contacts are essential for many tasks people do every day,
little is known about their impact on motor learning. In the last study we were questioning
whether certain motor actions depend on the task, or some other higher motor priority.
We put the participants on top of a movable platform and asked them to reach forward
and hit with their finger a target which appeared on the screen in front of them. During
their reaching action we perturbed their balance by quickly moving the platform laterally.
The movement of the platform depended on the movement of the participants’ other arm,
which they had to use to lean on the table in front of them. We found that participants
adapted their reaches and supportive contacts to randomly appearing targets in front
of them while experiencing a whole-body perturbation. Specifically, we found that they
chose a supportive contact location based on the position of the target and not based on
the direction of the perturbation as was observed in previous research from other authors.
We attribute this to the case of the dual task present in our experiment - reaching toward
a target and keeping balance - and confirms our assumptions about the task-dependent
adaptation. Moreover, we found that adaptation of the trunk motion was significantly
faster compared to the adaptation of the motion of the arms. This indicates to a movement
priority given to the movement of the COM. Lastly, with a novel probabilistic trajectory
model approach, we found the observations of the initial phase of the left arm or trunk
motion (100 - 400 ms) to be sufficient to faithfully predict the complete movement of the
right arm.
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