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Introduction

Manual control of an object is a natural everyday activity for humans. The
control process is maintained by an intricate mechanism operated by the
central nervous system (CNS) however, the nature and the characteristics
of this process are still a subject of debate. Human motor control requires
the complex interplay of three main systems: (1) sensory perception of the
surrounding environment (i.e., vestibular-, visual-, proprioceptive system);
(2) motor command formulation by the CNS (i.e., response planning, strat-
egy selection); (3) movement implementation by the musculoskeletal sys-
tem (i.e., muscle contraction). The investigation of human manual control
is mainly focused on two classes of movements in motor planning and ex-
ecution. Discrete movements are generally the ballistic type of movement,
where there is a pre-planned action at the musculoskeletal level. These
types of movements are executed without sensory feedback information
(i.e., open-loop control) and have deterministic start and end. Reaching,
throwing a basketball, pointing or saccadic eye movements can be men-
tioned as simple examples. For more complicated systems active feedback
is usually necessary for maintaining desired behavior. This manifests in
a continuous �ow of movements, where ongoing regulations are executed
due to the erratic nature of the feedback signal. Simple tracking tasks,
driving a car, standing still, or walking are typical examples that require
continuous control. Although these suggest that human manual control
can be modeled as a servo system, control movements were shown to be
a series of discrete movements rather than continuous. Intermittent con-
trol is characterized by the continuous perception of sensory information
and a series of ballistic type of movements. Depending on the level of
skill, humans can execute movements almost continuously, representing a
transition between discrete and continuous control. Identi�cation of the
decision-making mechanism, in other words, the control law employed by
the CNS, is a di�cult task since the mechanical model of the human body
involves several uncertain elements. There are several concepts in the
literature, such as the traditional proportional-derivative (PD) feedback,
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proportional-derivative-acceleration (PDA) feedback, predictor feedback
(PF), intermittent predictive controller or event-driven intermittent con-
troller, to mention a few. Human motor control is constrained by reaction
time delay and uncertainties in the process, such as sensory and motor con-
trol realization errors. The introduction of a time delay in the feedback
loop is generally known as a source of poor performance and instability.
Reaction time of human subjects can be readily estimated using reaction
time tests. In the stabilization of an unstable system, this reaction time
delay has a crucial role. A stabilizing control action should be fast enough
to counteract the divergent dynamics.

From a dynamical systems point of view, manual manipulation cor-
responds to the feedback stabilization of unstable or marginally stable
systems. Skill development in novel voluntary tasks requires sensory in-
formation and practice. During practice, the variability of the outcome of
repetitions mostly decreases as skill increases. Understanding the devel-
opment of these motor control tasks has important implications in teach-
ing various movement types, for example performing a sudden manoeuvre
safely while driving a car or �ne motor control during surgical operations.

Di�erent modeling techniques and simpli�cations usually have a signif-
icant e�ect on the stability of the model. These di�erences often manifest
in a di�erent order, or di�erent degrees of freedom in dynamic systems. By
comparing the behavior of di�erent models, conclusions can be drawn w.r.t
parameters, control strategy, and the qualitative properties of a sensory
system.

The dissertation focuses on human manual control and balance, with
a goal to get a slightly better understanding of the strategies during daily

Figure 1: Mechanical model of an inverted pendulum, on
the right. And on the left: (a) Stability diagram with con-
tours of di�erent stability radii for given system parameter
and controller. (b) Pseudo-spectra of the system at the se-

lected parameters.
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activities. The main mechanical model is an inverted pendulum that is
often used to model human stick balancing or postural sway. The inverted
pendulum-cart system is also a conveniently used task to test human man-
ual control. Theoretical investigation and systematic measurements are
used to develop knowledge on the uncertainties and skill development.
Throughout the dissertation the traditional PDA and a PF controller is
investigated to stabilize the pendulum. Although the already known e�ect
of input delay in the controller is well understood, the e�ect of parameter
uncertainties and their limiting factor on time delay is an open question.
The framework of real structured robustness analysis was used to analyse
stability. The bounded stable region of control gain parameters always had
a clear maximum in case of allowed uncertainty, see Figure 1. These max-
imums were mapped through a range of pendulum length and input delay
and the di�erences between the PDA and PF controllers were analysed. In
order to test that these trends are also observable in human manual con-
trol, a virtual stick balancing application was developed on a computer.
Multiple test were carried out on 51 volunteers in total. The sessions in-
volved reaction time tests and an arti�cial input delay was added during
tests to map out the stabilizability limit of manual control, similarly to
the theoretical model before, see Figure 2. The trends of human manual
control resembled to that of the theoretical controllers.

Another focus of my research focused on a di�erent balancing task,
that can be used to model human standing for example. The mechani-
cal model in this case was a pinned inverted pendulum, equipped with an

Test subject

PC for virtual environment

Manipulator

Computer screen

Figure 2: Schematic of the virtual stick balancing system
on the right. The change of the critical length over the 6 bal-
ancing sessions as function of the overall delay for a selected
subject. The �tted curves are shown by thin solid lines,
while dashed lines indicate the theoretical critical lengths.
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Figure 3: Mechanical model: the pinned body, the inertial
sensor and the reaction wheel.

accelerometer as sensor to measure the state of the object, see Figure 3.
Four mechanical models were investigated based on the model simpli�ca-
tion. These four models were tested with four di�erent control strategies,
some of which involved input delay, and sampling. Based on the modal
parameters of the sensor and its distance from the pivot point, the sta-
bilizability of the inverted pendulum can be determined and a suitable
controller can be designed to achieve vertical balance.

Ultimately, the main goal of my research was to identify parameters in
human manual control and balance that are critical for achieving a good
performance during the task. The robust framework of the parameter
uncertainties let me construct a formula, that was useful to assess the bal-
ancing skill development and balancing performance of the test subjects.
Di�erent models and techniques were used throughout the research and a
few interesting observations can be concluded.
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Main results

Results of Chapter 3.

The dynamics of the inverted pendulum subject to predictor feedback (PF)
in the presence of static uncertainties in the control gains is described by

ẋ(t) = Ax(t) +Bu(t− τ)

u(t) = K1

eAτ̃x(t) +

0∫
−τ̃

e−AsBu(t+ s)ds

+K2ẋ(t).

where

x =

[
φ
φ̇

]
, A =

[
0 1
b 0

]
, B =

[
0
1

]
,
K1 = [p+ δp, d+ δd]

K2 = [0, a+ δa]
,

b > 0 is the system parameter, (p, d, a) and (δp, δd, δa) are the control gain
parameters and the corresponding static uncertainties, τ is the input delay
and τ̃ is the estimated delay in the internal model. In case of τ̃ = 0 the
controller acts as a proportional-derivative-acceleration (PDA) feedback
control. Based on the stability analysis of the model the following two
statements can be made.

1. Main contribution

The pendulum can be stabilized if its length is longer than a critical
length

Lcrit = c(∆, τ̃)τ2,

where c(∆, τ̃) is the regression coe�cient, that depends on the struc-

ture of the parameter perturbation ∆ = [δa/εa, δd/εd, δp/εp]
T
and

εp, εd, εa are the corresponding weights.
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The stabilizability of an inverted pendulum in terms of critical length Lcrit

either by delayed proportional-derivative (PD) feedback or by predictor
feedback (PF) is more sensitive to changes in the input delay than to
changes in control gain parameters. In the case of PD feedback with
delay τ = 200ms (which is typical to human reaction time), 25% relative
increment in the delay results in 56.25% change in Lcrit, while the same
relative change in the stability radius (i.e. in the control gains) results in
18.7% change in Lcrit. In the case of PF with delay τ = 200ms and with
10% delay mismatch, 25% relative increment in the delay results in 56.25%
change in Lcrit, while the same relative change in the stability radius (i.e.
in the control gains) results in 10.7% change in Lcrit.

2. Main contribution

In case of delayed PD control of an inverted pendulum, the sensitivity
of the controller to changes in the time delay is stronger by a factor
of 3 than to changes in the controller gains. In case of PF controller,
the sensitivity to changes in the time delay is stronger by a factor
of 5 than to changes in the controller gains. The PF controller is
shown to be superior to PD in the sense that Lcrit for PF is smaller
than the half of Lcrit for PD, if the input delay τ < 500ms and the
stability radius r∆R < 0.8.

Related publications: [1, 2]
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Results of Chapter 4.

Considering the manipulation of objects with complex behaviour, human
subjects are mostly limited by their sensorimotor uncertainties and their
reaction delay. Using the result of the previous chapters and the devel-
oped virtual balancing environment, two groups of people were tested to
investigate the similarities to the theoretical PD feedback. Two main con-
tributions can be stated on the control strategy of human manual control
based on the measurement results. Based on virtual stick balancing trials
by 27 human subjects the following observation is stated.

3. Main contribution

After systematic series of virtual balancing tests with arti�cially added
reaction delays, the relation between the critical length Lcrit (the
length of the shortest stick that human subject can balance) and the
overall reaction delay τ can be well described by Lcrit = cτ2 with
an average coe�cient of determination R2 = 0.82. The regression
coe�cient c re�ects the robustness to uncertainties in sensory and
motor control. Relating the human performance to the theoretical
model implies that the allowed static uncertainty in the perception of
angular position is 14.1% on average, while the allowed perturbation
in the velocity feedback is 40.3%.

Virtual stick balancing trials were performed by 24 subjects with arti�cially
added reaction delays, such that the dynamics were second-order for half
of the subjects (Group 1.) and it was �rst-order for the other half (Group
2.). The relation between the reaction delay (τ) and the critical length
(Lcrit, the length of the shortest stick that a human subject can balance)
can be well described by Lcrit = cτκ, where c is the control e�ciency
parameter. Based on the theoretical model, the exponent κ = 1 for �rst-
order dynamics and κ = 2 for the second-order dynamics. The �tted
exponent during the initial sessions was κ ≈ 1 independently of the order
of the dynamics. The �tted exponent κ converged to 1.5 for Group 1, and
it was κ ≈ 1 for Group 2 over the �rst 6 sessions. In the 7th session, both
groups performed the session with a dynamics order di�erent from the one
they were training on, and the �tted exponent was κ ≈ 1 for both groups.
Based on the measurements the following observation is stated.
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4. Main contribution

After systematic series of 6+1 virtual balancing sessions with overnight
consolidation, skill development of subjects trained on second-order
dynamics was more pronounced, than for the subjects trained on
�rst-order dynamics in terms of critical length. On the 7th session
the subjects trained on second-order dynamics, showed good perfor-
mance in �rst-order dynamic tests. The subjects trained on �rst-
order dynamics, showed that they have to re-adapt to the more com-
plex second-order task. This suggests that human subjects can readily
adapt to �rst-order dynamics, while accommodation to second-order
dynamics requires more practice.

Related publications: [3, 4, 2, 5]
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Results of Chapter 5.

Consider an object that is balanced around a �xed pivot point with a single
inertial sensor and feedback delay. The mathematical model is written in
the following form

φ̈(t)− bφ(t) + γ
(
h(ϵφ̈(t) + φ(t)) + ϵξ̈(t)− ξ(t)

)
=

1

Jo
u(t),

ξ̈(t) + 2D0α0ξ̇(t) + α2
0ξ(t) = g(φ(t)− ϵφ̈(t)),

u(t) = −kpξ(t− τ)− kdξ̇(t− τ),

where b = gHm
Jo

is the system parameter, γ = m0g
Jo

, ϵ = h
g is the parameter

related to the position of the sensor on the rod, α0 =
√

s0
m0

the natural

angular frequency, D0 = k0

2
√
s0m0

is the relative damping coe�cient of the
inertial sensor, kp, kd are the feedback gains, τ is the continuous feedback
delay in the closed-loop system and Jo, H, m, s0, m0, k0, h are the
physical parameters of the balanced object. Based on the stability analysis
of the model the following statement can be made.

5. Main contribution

Stable balancing is possible, if and only if, the distance h between
the location of the sensor and the pivot point is less than the critical
distance

hcrit =
2D0

α0τ

Jo
Hm

,

When a digital controller is employed, then hcrit gives a larger bound
for the critical distance, and if the sampling frequency is increased
then it approaches the critical distance obtained for the continuous
case.

Related publications: [6]
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