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ABSTRACT 

In a conventional haptic system, haptic applications have mostly relied on active actuators. 
To deal with high impedance rendering issues, many of the previous researches in haptic 
were concentrated on control methodologies and modeling techniques to improve stability 
and performance. The aforementioned  researches involved complex mathematical 
calculations and detailed computer programming, yet impedance rendering was not 
satisfactorily high. Moreover, overshoots and other conditions leading to instability were 
still the most concern for such haptic applications as robotic surgery, surgical training, etc. 

The goal of this research was to present a novel concept of high impedance actuator fusion 
(HIAF) to increase the impedance and stability in a haptic system by using a motor, a 
damping brake (DB), and a magnetic brake (MB). The approach utilized the unique 
characteristics of the actuators to manipulate the system variables in a more stable way. 
The system was modeled as a linear time-invariant system with an impedance control 
methodology. A new stability condition was defined, and some selected simulations and 
haptic experiments were presented for the case of a 1-DOF haptic device. 

The first experiment was intended to examine the stability improvement on the haptic 
system by HIAF. A benchmark of a virtual wall was defined as a bilateral constraint, and a 
pulse torque was applied to disturb the system stability without the presence of human 
operator. A conventional virtual wall stiffness gain (Ks) was increased from 0 until 
instability occurred. Then, a damping variable (Be) controlled via DB and a friction 
variable (fm) controlled via MB were added. The results showed that HIAF increased the 
stable stiffness of the virtual wall over 40 times, compared to a conventional haptic system 
using only a single motor. 

Another experiment was aimed to investigate the reaction between a human operator and 
the haptic system with HIAF. The virtual wall was differently defined as a unilateral 
constraint. The experimental objectives were mainly divided into two parts, the first of 
which was to observe the overshoot of a step response in the transient state by the added 
controllable damping. The results showed that increasing Be decreased the percentage of 
overshoot (PO) from 24% to 8% at Ks = 10 N.m/rad (309 N/m) and from 30% to 15% at Ks 
= 20 N.m/rad (13.3 kN/m). Further increasing of Be made PO even smaller and eventually 
vanish. The second part was to explore the impedance boundary in the steady state by the 
added controllable friction. The results showed that the impedance limit against an operator 
input torque (To) increased with increasing fm and increased further with larger Ks. HIAF 
extended To from 3 to 7 N.m at Ks = 10 N.m/rad and from 6 to 10 N.m at Ks = 20 N.m/rad. 
The value of  fm  beyond 10 N.m yielded so high impedance that  the operator felt difficult 
to overcome. 

Keywords: High Impedance, Actuator Fusion, Haptic system, Virtual Reality, 
Impedance Control, Damping Brake, Magnetic Brake 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

Haptic system technology has been available for decades. It was initially stemmed from 
tele-robotic applications and was used with virtual environment simulations [23]. Haptic 
activities, for instance, involve all kinds of touch using hands, allowing us to easily and 
accurately operate a variety of handling tasks, and provides helpful perceptual information 
from simple everyday tasks such as turning a door knob, using a key, playing games, or 
driving a car, to work tasks such as wood crafting, mould creating or building a prototype 
[59]. The typical applications of the haptic system widely embrace a diverse range of 
subjects such as computer assisted surgery [69], [30], teleoperation [55], [34], vehicle 
control [57], medical training devices [73], and physical therapy [53]. The examples of 
haptic systems are shown in the following figures from Figure 1.1 to Figure 1.4. The 
Excalibur [2] developed by University of Washington and HTI is shown in Figure 1.1. An 
Olympus CF-160 colonoscope inserted, and the MILXTM GastroSim framework rendering 
a colon model extracted from CT colonography [43] is shown in Figure 1.2. Figure 1.3 
shows point-based haptic interactions with 3D objects in virtual environments [18], and 
Figure 1.4 shows A tri-dexel-based haptic virtual design system [81]. 

 
Figure 1.1 Excalibur 

 

 
Figure 1.2 An Olympus CF-160 colonoscope 
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Figure 1.3 Point-based haptic interactions 

 

 
Figure 1.4 A tri-dexel-based haptic virtual design system 

Maintaining the stability of such systems is challenging since the active actuators 
commonly used in the haptic systems are more likely unstable with typical feedback 
controls and the related delays [12], especially when used near the bandwidth limits. Even 
with high level control methodology, oscillations can still occur noticeably: meanwhile; the 
control implementation is exceedingly complicated and required to employ very high 
quality of advanced sensors and actuators. This challenge motivates the author to 
investigate the way to cope with these constraints by exploring a new way to conceive a 
haptic system by applying simple control techniques on typical sensors and actuators. 
  
1.2 Statement of the problems 

In terms of the output force, an actuator can be classified either as active or passive. The 
classification of the actuator [65] is essential as far as system stability is concerned. An 
active actuator converts energy into motion and creates an output force by generating 
energy into the system. When the force gain is large, it tends to fail the system. Meanwhile, 
a passive actuator dissipates energy out of the system, so it cannot directly destabilize the 
system regardless of the gain size [44], [40]. 
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In a conventional haptic system, haptic rendering and simulation has mostly relied on 
active actuators, which involve complex control methodologies, yet impedance rendering 
is unsatisfactorily bounded by a stability limit. Moreover, overshoots leading to instability 
are still a concern. The stability of the system using only an active actuator will depend 
upon the designed controller being applied. If the controller is not well robust, overshoots 
can be a serious problem and could fail the system. 

1.3 Objectives and scope of the dissertation  

The main objective of this dissertation is to propose a new concept for a haptic system with 
simple control methodologies to improve stability and performance. The haptic system 
must be able to extend the stability boundary and stably increase the impedance range with 
reduced overshoots during the haptic simulation of a virtual wall.  

The scope of this dissertation includes construction and implementation of a new haptic 
system comprising a haptic device, hardware interfaces, and virtual environment software 
simulation. The new haptic system based on the concept of high impedance actuator fusion 
(HIAF) is firstly conceived, and a prototype of a 1-DOF haptic device is accordingly 
created using a motor, a damping brake (DB), and a magnetic brake (MB). A new stability 
criterion for the haptic system is defined and compared to a  number of previously 
proposed stability conditions for their suitability of locating the stability boundaries of the 
haptic system. Selected simulations and experiments of the stability conditions are 
presented for the worst-case scenario of a 1-DOF haptic device using only virtual stiffness. 
 
The hardware in the loop (HIL) platform is utilized in the control system, and the built-in 
Virtual Reality Modeling Language (VRML) format in MATLAB is used for creating the 
virtual environment. A haptic rendering model is simplified using a point-based interaction 
technique with proxy concept. The HIAF haptic system is modeled as a linear time-
invariant system with an impedance control methodology. Simulations and experiments of 
the HIAF haptic system on a virtual wall are presented and discussed. 

1.4 Contributions 
In this dissertation, the major contribution is the creation of a new haptic system with 
simple controls on multiple actuators of different types while the stability and performance 
is improved. A new stability condition is defined based on the HIAF haptic concept. The 
unprecedented approach utilizes the unique characteristics of the actuating devices to 
directly manipulate the system variables in a more stable manner. The generalized method 
is  introduced for the first time to address the state variables and transfer function of a 
haptic system that utilizes multiple devices of different kinds. Control strategy and diagram 
are presented in a simple fashion, including controls of actuators and a variable controller. 

1.5 Structure of the dissertation 

The organization of this dissertation is as follows. 

Chapter 2 contains an extensive review of the relevant literature, including haptic systems, 
common haptic actuators, hybrid haptic systems, typical haptic controls, haptic system 
stability, and  haptic rendering and simulation. 
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Chapter 3 presents the proposed concept of high impedance actuator fusion, including 
HIAF haptic control system, stability analysis, haptic device descriptions, hardware 
interfaces, and the physical setup of HIAF haptic system. 
 
Chapter 4 describes virtual environment and haptic simulation, including virtual forces, 
haptic rendering and simulation techniques, model-based programming. 

Chapter 5 describes and discusses the research experiments of HIAF haptic system on 
virtual wall, including stability improvement by HIAF haptic system and the physical 
experiment of HIAF haptic system on virtual wall.  

Chapter 6 conclusion is finally drawn with some recommendations for future work.  
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CHAPTER 2 

LITERATURE REVIEW 

This chapter contains an extensive review of the relevant literature, including haptic 
systems, common haptic actuators, hybrid haptic systems, typical haptic controls, haptic 
system stability, and  haptic rendering and simulation. 

2.1 Haptic systems 
The term "haptic" or "haptics" comes from the Greek word "haptesthai", meaning "to 
touch" [67], and other terms associated with the "haptic" are, "tactile", "kinesthetic", 
"device", "interface", "rendering", "perception", "simulation", "control", "display", 
"operation", "communication", "application", "technology", etc. Each of the combined 
terms will be related to touching, handling, tactile sensations, or any other kinds of 
kinesthetic feeling and interaction involved with human. 

A haptic system is generally involved with two major parts, a haptic interface and a virtual 
environment, which are associated by a control methodology. The haptic interface itself, 
including a hardware interface and a haptic device, is actually an interactive system 
between a computer and a human operator, which may or may not involve virtual 
simulation software. The haptic system that comprises only such things can be found in the 
field of teleoperation [70], [36], for example. In this area of the haptic system, a human 
operator can directly feel the reaction forces and interact with the haptic device through 
haptic feedbacks from another haptic device without the use of the virtual simulation 
software.  

Meanwhile the virtual environment [33] contains a haptic rendering algorithm of 
computing the haptic output required by contacts with virtual objects based on 
measurements of the operator’s input [74]. For example, in a particular type of a haptic 
system, the output is the calculated force, and the input is the motion of the operator. On 
the other hand, in another type, the output and the input are swapped over.  Usually, the 
term "haptic rendering" is used to describe the rendering process for virtual environments. 
In teleoperation, sometimes the term "haptic feedback" [41] is equivalently used instead. 

Typically, a haptic device is composed of several parts including active and passive 
actuators [54] as well as other electrical and mechanical components [50]. If the haptic 
device is used in conjunction with a virtual simulation software, it will also include a visual 
display providing haptic information via a graphic user interface (GUI). When a haptic 
system involves such a haptic device, the virtual simulation software becomes a part of the 
virtual environments. The human operator can perceive the outputs not only through the 
haptic device but also through the haptic information display from a computer monitor 
displaying the running virtual simulation software.  

A haptic system can also be viewed as a combination of both hardware and software 
components. The hardware components include a computer, a hardware interface, and a 
haptic device; meanwhile, the software components consist of control software, graphic 
displaying software, as well as an editor and a compiler for virtual reality modeling 
language (VRML). The kinematic compositions of the haptic devices can differ greatly and 
be broadly organized into two groups, one of input motion versus output force and the 
other of input force versus output motion [82]. The former is referred to as an impedance 
haptic device, typically low inertia and highly back-drivable; for examples, the McGill 



 6 

University Pantograph [42], the popular Phantom series [58], and the Excalibur developed 
by University of Washington [2]. The other type is of admittance devices, usually high-
inertia and non back-drivable; for instance, Carnegie Mellon University’s WYSIWYF 
Display [80] and the COBOT from Northwestern University [35]. The two types of haptic 
devices based on control methodology, an impedance type and an admittance type, are 
shown in Figure 2.1 [42] and Figure 2.2 [35] respectively. 

 

 

Figure 2.1 An impedance type haptic device [42] 

 

 

Figure 2.2 An admittance type haptic device [35] 
 
The two 1-DOF haptic experimental systems demonstrating the two types of the haptic 
system are shown in Figure 2.3 and Figure 2.4 [1]. Figure 2.3 shows an admittance-type 
cooperative manipulator for the study of the effect of link flexibility on virtual-fixture 
performance, while Figure 2.4 shows an impedance-type tele-manipulator for the study of 
FRVF stability. 
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Figure 2.3 Cooperative manipulator for the study of the effect of link flexibility [1] 

 

 
Figure 2.4 Tele-manipulator for the study of FRVF stability [1] 

Generally, applications of haptic systems may be divided into three main classes [78], 
comprising Master-Slave haptic systems for teleoperation [60], virtual environment 
simulation, and synergistic devices. The Master-Slave haptic systems engage interaction 
through some intermediate medium. This medium encodes the human operator’s motion 
and the forces obtained from a slave robot into commands to activate the haptic device. 
The system is entirely mechanically decoupled. The virtual environment simulation 
operates in the similar way except that it receives actuating commands from a computer 
model instead of the robot. Lastly, the synergistic devices, such as exoskeleton [19] and 
Collaborative robots [64], are a sub-class of intelligent assist devices [6] for physically 
direct interaction with a human operator in shared workspaces. It was originally designed 
for the assembly line worker by providing virtual guiding surfaces while supplying some 
power amplification to human. 
 
2.2 Haptic actuators 

Generally, actuators can be classified in many ways based on their attributes. For example, 
they can be categorized by the actuating effects, the stimulus type, the required power 
source etc [65], [85]. In terms of a power output, an actuator can be classified as either a 
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power generator or a power dissipater. Brakes can only function as a power dissipater, 
while some motors can serve as either one depending on the mode being used. In terms of 
an output force, actuators can be classified either as active or passive actuators. The 
classification of the actuator [65] is essential as far as the system stability is concerned. An 
energetically active actuator (EAA) converts energy into motion and creates an output 
force by generating energy into the system. When the force gain is large, it tends to fail the 
system. Meanwhile, an energetically passive actuator (EPA) creates the force by 
dissipating energy out of the system, e.g. in the form of heat through friction; therefore, it 
cannot directly destabilize the system regardless of the gain size [44], [40]. 
 
As used in many of previous researches [4], [6], [18], [19], [25], [26] motors can be a good 
choice for an EAA, especially an electric one. They are readily available on the shelf, easy 
to control, and inexpensive. More importantly, motors come in a variety of physical sizes 
as well as maximum powers provided, and they have different types for different 
applications, e.g. AC motors for high-torque applications, DC motors for precision control 
applications, and synchronous motors for synchronized systems. For EPAs, there is no 
common use of any device, depending on the applications being used. A brake can be used 
as an EPA to slow down a moving component or to provide a complete stop of the motion 
of the component. A damper can also be used in the similar way as the brake, and 
sometimes, it is used to increase the stability of the system. 

Brakes can come in different forms, such as mechanical friction brakes, which directly 
apply a friction force to the system to retard the motion, or electromagnetic brakes, which 
either electric or magnetic fields are applied to the device to retard the motion.  For the 
latter, they sometime come with a special kind of fluid inside the brake.  In general, when 
subject to an applied field, the fluid will increase its viscosity and hence increase the 
friction force. The brake that is operated by an applied electric field is called an 
Electrorheoretical (ER) brake [71], [24] , while the brake that is operated by an applied 
magnetic field is called a Magnetorheoretical (MR) brake [68], [51], [5], [66], and [7]. 
These two kinds of brakes are widely used in haptic systems, but they are so expensive and 
operated at very low RPM. 

Another kind of the electromagnetic brake uses the principle of the eddy current in 
conductive material, more commonly known as an eddy current brake [14], [13], [77], 
[75], and [79]. The brake torque is directly proportional to the product between the applied 
magnetic fields and the velocity of a moving conductor. With the magnetic field strength 
being held constant, the higher the velocity of the conductor is, the stronger the brake 
torque can be produced. This follows the Lenz's law as the magnetic induction in the 
moving conductor creates counteracting force against the motion. The force is a function of 
the velocity only and analogous to a damping force. Hence, this kind of the brake will 
serve as a physical damper and is called a damping brake (DB). DBs have been recently 
used in many researches as a braking device, and it is sometime used in a haptic system. 

The last type of the electromagnetic brake employs the concept of a magnetic effect, and it 
is known as a magnetic brake (MB) [63]. MB is operated in a similar way as DBs except 
that the brake torque is slightly dependent of the moving conductor. It can provide a 
seemingly constant brake torque over a broad range of velocity magnitude. Usually, MBs 
are widely used in a tread mill and a string industry. In the tread mill, MBs are used for 
providing a desired resistive torque for a runner. In the string industry, the main purpose of 
using MBs is to maintain constant tension of the string so that the string can be rolled 
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continuously and smoothly without getting tangled. However, the previous research has 
hardly used MBs in a haptic system. 

2.3 Hybrid haptic system 
The key performance of a haptic system in virtual environment simulation is the ability to 
maintain the system stability while the haptic system is simulating virtual objects and 
rendering virtual forces occurring in the virtual environment. Such virtual forces include 
virtual spring force representing the system stiffness and virtual damping forces 
representing the energy dissipation of the system. Another virtual force that also represents 
the energy dissipation is virtual friction, but it is not widely used because of the 
nonlinearity property. Theoretically, the haptic system should be able to simulate all of the 
virtual environment parameters with a broad range of frequencies [3], [25]. Practically, 
based on the stability point of view, the bandwidth of any haptic system is highly limited 
and the virtual environment parameters are confined within a short range of frequencies. In 
other words, it is able to simulate only a narrow range of the virtual parameters, i.e. limited 
damping factors, and spring constants.  

 

 
Figure 2.5 Schematic diagram of hybrid 1-DOF rotary haptic setup [31] 

 

 
Figure 2.6 Overview of the hybrid actuator [28] 
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This is mainly due to the EAAs, such as motors, of the system because the EAAs often add 
excessive energy to the system. Hence, it is likely to cause instability and hard to obtain a 
smooth control [48]. On the other hand, a haptic system with only EPAs cannot perform 
efficiently. The EPAs can only resist the motion and dissipate energy out of the system; 
therefore, it is not possible to directly control any movable components to a desired 
position. Consequently, an efficient haptic system should consist of both EAAs and EPAs. 
They could be lumped into a single unit or installed separately. This kind of haptic system 
is sometimes referred to as a “hybrid haptic system” [56], [27], which can ensure a high 
system stability and also good performance. Figure 2.5 shows a schematic diagram of 
hybrid 1-DOF rotary haptic setup [31], and Figure 2.6 shows an overview of the hybrid 
actuator, composed of a brake, a spring and a motor [28]. 

2.4 Haptic control 

A haptic controller is one of the major parts of the haptic system, which helps a haptic 
device interact with human operations and the changing states in virtual environments. 
Generally, haptic devices differ significantly in kinematic structures, working spaces, and 
output range; however, their control methodology can be mainly classified into two types, 
impedance approach (input motion versus output force) and admittance one (input force 
versus output motion) [82].  

The corresponding diagrams of the haptic control are illustrated in Figure 2.7, consisting of 
both impedance-type and admittance-type, adapted from [1]. From the figure, V(s) is 
output velocity, and F(s) and Fa(s) are an externally-applied force and an actuator force, 
respectively. The product between F(s) and V(s) gives the instantaneous power flow from 
the human to the haptic device, which plays a significant role in the system stability. The 
impedance-type devices have a tendency to interact well with a range of virtual 
environments and permit the stable haptic simulation of the virtual environments with very 
low impedance. This is due to the back-drivability of the devices, which can also be 
suppressed by a human in case of failure, giving a certain degree of safety. On the other 
hand, admittance-type devices have the characteristics associated with precision, power, as 
well as superior disturbance rejection, and they are also able to stably simulate virtual 
environments with very low admittance. 

 

 
Figure 2.7 Haptic controlling diagrams; (a) impedance type, (b) admittance types 
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In the past decade, the most popular model of the two control strategies so far has been the 
impedance one. This is probably due to the fact that most of the EAAs being used are 
small-sized electric motors, which have low inertia and are highly back-drivable. 
Therefore, control that is used with this kind of haptic device is referred to as impedance 
control. 

The impedance control was firstly introduced by Hogan as a control approach to robotic 
manipulation [47]. It was rigorously presented in three-part paper; theory, implementation, 
and applications, which described a unified method to the control of dynamic interaction 
between a robotic end-point manipulator and its environment. He defined a generalization 
of a Norton equivalent network and employed its superposition properties to differentiate 
the motion control from an impedance one. He claimed that components of the manipulator 
impedance could be integrated by superposition despite their nonlinearity. This implies that 
an individual impedance can be considered separately one at a time, and then brought back 
together as a whole to impose the overall impedance to the system. His claim does not 
limit the end-point impedance to the use of a single actuator; therefore, multiple actuators 
and different kinds of EAAs or EPAs, such as motors and brakes, can be possibly 
combined. 

For imposing a desired impedance in robotic motion control, Hogan further presented a 
real-time feedback control algorithm without solving for the inverse kinematics problem, 
and he also added that redundant actuators and degrees of freedom could be used to 
modulate the end-point impedance as well. These suggest that we can deal with the 
dynamic interaction of manipulating devices by using only impedance control model 
through with the control strategy can be simplified, and that multiple actuators or the 
combination of different kinds can be united to result in the total end-point impedance. 

2.5 Haptic system stability 

Hannaford developed a two-port model [41] to describe the exchange of energy in terms of 
the relationship between efforts (or forces) and flows (or velocities). The model was used 
to represent the exchange of energy between human operator, comprising continuous 
quantities of human force Fh and human velocity vh, and a virtual environment, comprising 
discrete quantities of virtual force Fe* and virtual velocity -ve*, as shown in Figure 2.8 [3]. 
According to the figure, a haptic system is made up of a two-port haptic interface with one-
port human operator and virtual environment terminations. Adams and Hannaford claimed 
that the stability of the two-port model relies on its terminal immittances, i.e. impedance 
and admittance. For an impedance control concept, the characteristics of the human 
operator is represented as impedance Zh and the properties of the virtual environment is 
represented as impedance Ze. 

 
Figure 2.8 A haptic system with a two-port haptic interface [3] 
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The relationship between efforts (an input force vector) and flows (an output velocity 
vector) is usually expressed as an immittance matrix. A hybrid matrix, H, will be used for 
the mapping between the two vectors as shown below. 

�
𝐹𝐹ℎ
−𝑣𝑣𝑒𝑒∗

� = �ℎ11 ℎ12
ℎ21 ℎ22

� �
𝑣𝑣ℎ
𝐹𝐹𝑒𝑒∗�                                                 (2.1) 

As referenced by Adams and Hannaford, the necessary and sufficient conditions for 
unconditional stability can be presented using Llewellyn’s stability criteria [3], which 

             𝑅𝑅𝑒𝑒(ℎ11) ≥ 0                                                             (2.2) 

and 2𝑅𝑅𝑒𝑒(ℎ11)𝑅𝑅𝑒𝑒(ℎ22) ≥ |ℎ12ℎ21| + 𝑅𝑅𝑒𝑒(ℎ12ℎ21), ∀𝜔𝜔 ≥ 0                             (2.3)             

Hence, the inequalities imply       𝑅𝑅𝑒𝑒(ℎ22) ≥ 0                                                                      (2.4) 
 
The hybrid matrix H is practically derived from the equations of motion containing forces 
and velocities, depending on the virtual environment being simulated. For instance, with 
the perfect transparency of the interface between the haptic display device and the virtual 
environment, the hybrid matrix H of a classical stiff wall is represented as follows 

𝐻𝐻 = �𝑚𝑚𝑚𝑚 + 𝑏𝑏 1
−1 0�                                                            (2.5) 

The mapping H is based on the assumption that the virtual environment perfectly matches 
the characteristic of the haptic device. Since a haptic system is classified as a sampled-data 
system, sample-hold effects must be included for the implementation of the system. Adams 
and Hannaford proved that the haptic simulation of the classical stiff wall with the 
conditions above will never be unconditionally stable [2]. Thus, they introduced the 
“virtual coupling” between the haptic device and the virtual environment to solve this 
problem. The virtual coupling parameters can be set empirically or theoretically. However, 
it is difficult to fine tune the virtual coupling, and when fine tuned, it is restricted to the 
specific kind of device being used. 

Recently, many researchers have paid a close attention to a classical problem in the haptic 
simulation of “virtual wall”, the solution of which is widely available. They employed a 
simplified model of the virtual wall simulation for their analysis [20], [39]. A block 
diagram of a typical active haptic system for the virtual wall simulation can be found in 
their work. Figure 2.9 shows a typical active haptic system of the virtual wall, Zo(s) 
representing the human operator assumed to be passive and H(z) representing the virtual 
environment of the virtual wall [7]. The system mainly consisted of a haptic device, virtual 
environment, and a human operator. Hogan [49] presented some work on interactions 
between humans and machines. Paradoxically, he claimed that “despite active neuro-
muscular feedback control, the human arm exhibits the impedance of a passive object”. 
Hence, human operator is supposed to be passive for analytic purposes and is denoted by 
Zo(s). 

A virtual wall is actually considered as a discrete time controller with the generated force 
feedback to the human operator. Basically due to the physical limitation of actuators, the 
virtual wall is modeled as a virtual spring wall or in short a "virtual spring", representing 
the virtual system stiffness. Typical actuators; for instance, an electrical motor, naturally 
comes with inherent damping and inertia. The virtual spring model alone responds solely 



 13 

to a system displacement and is more likely to yield a poor performance and stability; 
therefore, many researchers also included a virtual damping wall or in short a "virtual 
damper", representing the virtual system damping. This model will respond well to the 
system velocity, which can be estimated via backward difference of position. 

 

 
Figure 2.9 A typical active haptic system of the virtual wall [7] 

According to Figure 2.9, the system and subsystems are assumed to be Linear Time 
Invariant (LTI), and the model ideally employs an active actuator (e.g. a motor), position 
sensor (an encoder), and signal converters between an analog and digital signals (e.g. 
sampler and zero order hold devices). Zo(s) represents the human operator assumed to be 
passive. The virtual environment H(z) representing the virtual wall is simulated by an 
active actuator, modeled as 

𝐻𝐻(𝑧𝑧) = 𝐾𝐾 + 𝐵𝐵 𝑧𝑧−1
𝑇𝑇𝑧𝑧

                                                                (2.6)  

In relation to the passivity theory originated by [10], the passivity analysis was basically 
derived from electrical circuit theory, where circuits were composed of only passive 
components and were known to be stable. Besides, any two passive circuits could be 
mutually interfaced and the resultant circuit would still be considered passive [11]. Based 
on this concept, Colgate and Schenkel [26] developed a stability condition and defined a 
key performance index in terms of the Z-width, which indicates the maximum realizable 
virtual stiffness and virtual damping with a stability guarantee. 

𝑏𝑏 >
𝐾𝐾𝑇𝑇
2

+ |𝐵𝐵|                                                               (2.7) 

where b is the inherent physical damping of the device, K and B are the virtual stiffness 
and damping, and T is the sampling period. 

From the relation, they concluded that some inherent physical damping is required to attain 
stability and must have a larger value than the overall damping of the virtual damping and 
the virtual equivalent damping, due to the virtual stiffness, as described by Equation (2.7). 
Both kinds of damping are generated by haptic simulation through the discrete time 
controller with a specific sampling period. In other words, the stability condition is 
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inevitably limited by the extent of the inherent damping, beyond which the virtual wall can 
be safely and smoothly rendered. 

Jinung An and Dong-Soo Kwon [8], [9] suggested that for a hybrid haptic system, the 
virtual damping can be directly controlled by a physical damper as shown in Figure 2.10. 
Then, the stability condition of the haptic system becomes 

𝑏𝑏 + 𝐵𝐵 >
𝐾𝐾𝑇𝑇
2

                                                              (2.8) 

From the figure, they explained that while the virtual stiffness is being rendered by the 
motor, the controllable physical damper can instantly and simultaneously render the virtual 
damping. They concluded that the capability of the hybrid haptic system to control the 
physical damping creates a higher performance than that of the conventional haptic system 
using only fixed damping method. 

 

 
Figure 2.10 Block diagram of the hybrid haptic system [8] 

 
They also suggested that without the existence of a motor, a controllable damper can 
successfully simulate a Coulomb friction force by means of the magnitude variation of the 
damping coefficient as a function of an input velocity. This can be achieved by replacing 
the virtual damping block in the above diagram with a virtual friction block. According to 
Jinung An and Dong-Soo Kwon [7] , the virtual friction force is defined as 

𝐹𝐹𝑓𝑓 = 𝐵𝐵|𝑣𝑣∗|𝑚𝑚𝑠𝑠𝑠𝑠(𝑣𝑣)                                                              (2.9) 

where the term v∗ refers to the estimated velocity in a discrete time domain, and B|v∗| is 
the magnitude of the Coulomb friction. The controllable damper can render virtual 
damping by controlling the magnitude of the Coulomb friction (B|v∗|) in proportion to the 
real velocity. Consequently, the virtual damping simulation can be approximately rendered 
by simulating the virtual Coulomb friction with a shifting friction magnitude. 

2.6 Haptic rendering and simulation 

Haptic rendering, or sometimes called haptic display, is the process of computing and 
generating virtual forces in response to human operator interactions [72]. The virtual forces 
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to be rendered correspond to input signals to the haptic device, which may come from 
another device or virtual environment (VE). In case of teleoperation, an input command of 
impedance force to a master device come from the force transducer of a slave device. In 
VE, the command is synthesized by computer simulation in accordance with the virtual 
objects both haptically and graphically. In this case, it is sometimes referred to as haptic 
simulation, which may involve complex rendering and displaying situations when multiple 
virtual objects are present. 

Unlike graphic simulation that is only concerned with creating and displaying visual 
images, haptic simulation is concerned with visual displays, haptic rendering, and the 
rendering techniques [76], which converts input signals into computer-generated forces to 
be rendered to the human operator for perception and manipulation. The goal of the haptic 
simulation is to enable a human operator to see, touch, and feel variations in texture, 
roughness or details of the virtual objects through the interaction of a haptic device [17]. 
 

 
Figure 2.11 Rendered 3-D objects by [45] 

 

Ho et al. [45] provided examples of haptically rendered 3-D objects that can be touched 
and felt through a haptic system using a point-based technique. Figure 2.11 shows the 
haptically rendered 3-D objects by [45], (a) textured object, (b) objects with dynamics, and 
(c) deformable object. According to the figure, the small ball represents a cursor called 
surface contact point (SCP), similar to the god-object point [84]. The point-based 
interaction force is computed based on the distance between SCP and a single end-point of 
a haptic device, commonly known as the haptic interaction point (HIP).  

In general, the algorithm of haptic rendering consists of three main steps, collision 
detection, force computation, and collision response as shown in Figure 2.12. As the 
human operator moves the probe of the haptic device, the new position and orientation of 
the haptic probe is acquired. Collisions between the simulated probe at HIP and virtual 
objects are checked based on the interaction model being used. For example, in a point-
based interaction model [45], if a collision is detected, a single interaction force is 
computed using preprogrammed rules for collision response. The force is then rendered to 
the human operator through the haptic device for the sensation of the virtual objects and 
their surface details. In a ray-based interaction model [46], multiple collisions can be 
simultaneously detected yielding multi interaction forces along with additional interaction 
torques. 
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Figure 2.12 A general haptic rendering algorithm 

There are also other kinds of interaction models for haptic simulation based on different 
concepts, such as Surfel using surface element, Voxel using volumetric element [15], and 
Dexel using depth element. Figure 2.13 shows the data representation for surface modeling 
[52]. Figure 2.14 shows the removal of material by a ball along a straight-line path in a 
voxel space [16]. Figure 2.15 illustrates the ray casting process and the dexel 
representation [83]. Some interaction models are used for a specific purpose; for instance, 
milling in a 5-axis CNC machine, the interaction models being used are Dexel, Point-
Cloud, Algebraic, Visibility Cones, etc. 

 
Figure 2.13 Surfel modeling [52] 

 

 
Figure 2.14 Voxel space [16] 
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Figure 2.15 Dexel representation [83] 
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CHAPTER 3 

HIGH IMPEDANCE ACTUATOR FUSION 

The main objective is to propose a new concept for a haptic system with simple control 
methodologies to extend the stability boundary and stably increase the impedance range 
with reduced overshoots during the haptic simulation of a virtual wall. The proposal is to 
create a prototype using a combination of an active actuator and two passive actuators to 
optimize the haptic rendering of the virtual wall so that the virtual wall will be felt as stiff 
as possible while the system remains stable with minimum overshoots and oscillations.  

The methods for developing and implementing the prototype are as follows. The concept of 
the high impedance actuator fusion (HIAF) is proposed, describing the components used in 
the system. The haptic control system is introduced, comprising the controls of actuators 
and the variable controller. The system stability is then investigated based on the virtual 
wall rendering by the motor. Next, all of the hardware used in this work are described, 
including the haptic device, the actuators with the driving components and control 
hardware. The last two section provide the related architecture of hardware interfaces and 
the physical setup used in this work. 

3.1 Proposed concept of HIAF 

One of the most popular actuators utilized in a haptic system is an electrical actuator, e.g. a 
DC motor, an AC motor or an electromagnetic brake. Such electrical actuators consist of 
several components build from both electrical and mechanical parts, which are physically 
integrated into a single device. Usually, the actuation process of an electrical actuator 
includes a driving stage and a dynamic stage, proceeding in a consecutive order. Figure 3.1 
shows the physical components of an electrical actuator, in this case a motor. According to 
the figure, the input current goes to the motor, normally the stator part of the motor, and it 
is converted into an output torque. This torque then becomes an input of the inertial load of 
the motor, normally the rotor and its shaft, and it is converted into an output velocity. 

 

 
 

Figure 3.1 Typical components of an electrical actuator 
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For investigative purposes, the electrical actuator can be analytically divided into two 
major parts in terms of the system behaviors during the actuation process of the electrical 
actuator, as shown in Figure 3.2. The first part is associated with the driving stage 
describing the electrical characteristics of the actuator, how an electrical input signal, e.g. 
voltage or current, is related to mechanical output actuation, e.g. torque or force. The 
second part is to deal with the dynamic stage showing the system dynamics of the 
electrical actuator, how the output velocity is related to the input torque.  

 
Figure 3.2 Actuation process of an electrical actuator 

 

In control systems, two separated systems can be combined into a single system when they 
are connected in series. The resulting united system is signified with a transfer function 
representing the product of the individual systems.  

 

 
Figure 3.3 Two system in series; a) original systems, b) combined system 

 
For example, two individual systems in the time-domain, f(t) and g(t), are connected in 
series with one another in such a way that the output of system f(t) becomes the input to 
system g(t), as shown in Figure 3.3a. The combined system can be simplified as shown in 
Figure 3.3b . In the frequency domain, when two systems are connected in series with one 
another, as shown in Figure 3.4, the total transfer function of the series is the product of all 
the individual system transfer functions. The output can be combined and rewritten as 
 

𝑌𝑌(𝑚𝑚) = 𝑋𝑋(𝑚𝑚)[𝐹𝐹(𝑚𝑚)𝐺𝐺(𝑚𝑚)]                                                     (3.1) 
 
 
 
 
 

Figure 3.4 Series transfer functions; a) original systems, b) combined system 
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Equation (3.1) implies that the reverse of the systems in Figure 3.4 is also true. That means 
if we originally have a single large system, which is usually common, we can separate 
them into smaller systems, e.g. two subsystems. If the output of the first one of the smaller 
systems becomes the input of the second one of the smaller systems, they are said to be in 
series with one another, regardless of their order. 

 

 
 

Figure 3.5 The transfer function of an electrical actuator 
 

According to Figure 3.2, if the electrical actuator is represented with a transfer function 
A(s), and the electrical characteristics and the mechanical dynamics are represented with 
transfer functions E(s) and M(s), respectively. Referring to Equation (3.1), we obtain the 
following straight relation, A(s) = E(s)⋅M(s), as shown in Figure 3.5. If N electrical 
actuators are employed, the system transfer functions become A1(s), A2(s), … AN(s) for the 
corresponding actuator numbers 1, 2, … N, and the expansion of the transfer functions in 
terms of the electrical characteristics and the mechanical dynamics becomes A1(s) = 
E1(s)⋅M1(s), A2(s) = E2(s)⋅M2(s) , … AN(s) = EN(s)⋅MN(s), as shown in Figure 3.6. The 
expanded transfer functions of N electrical actuators is presented in Figure 3.7. 

As far as the concept of the actuator fusion is concerned, for a 1-DOF haptic system, there 
is only one mechanical output. For a typical hardware configuration, all of the electrical 
actuators are connected in parallel, and each of its local mechanical dynamics is combined 
into a single global dynamic system. Hence, the terms M1(s), M2(s)… MN(s) can be 
represented with only M(s). On the other hand, the electrical characteristics of each of the 
actuators are still confined to that actuator and have no influences to the other actuators. 
The combined transfer function of N electrical actuators is illustrated in Figure 3.8. 
Furthermore, if these N actuators are connected to a system plant P(s) being controlled, 
including linkages and mechanism, the overall mechanical system dynamics can be 
represented with a transfer function D(s), as shown in Figure 3.9. 

 
 

Figure 3.6 The transfer functions of N electrical actuators 
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Figure 3.7 The expanded transfer functions of N electrical actuators 

 
As mentioned previously, the electrical actuators are not restricted to a particular type. All 
of them can be active actuators, passive actuators, or a combination of both types. The key 
idea of HIAF is that each of the actuators should have a unique characteristic, so that it will 
have a different effect to the system output. For instance, when actuated to a controlled 
system, a motor generates a driving torque while a brake generates a resistive torque. Both 
torques are completely different in terms of the effect to the system motion. On the other 
hand, if two or more actuators are identical and posses the same behavior, they are 
considered redundant and may be applied in a redundant system but not of our interest.  

 

 
 

Figure 3.8 The combined transfer functions of N electrical actuators 

 
Figure 3.9 The overall transfer functions 
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constant torque which is independent of the velocity; however, the torque comes in the 
form of coulomb friction as a resistive torque instead of a driving one. For DB, it also 
generates a resistive torque, but the torque is a function of the velocity and comes in the 
form of damping. All of the three actuators share a few of the same characteristics, which 
are the fact that they can be electrically operated and controlled, that their main 
components consist of a rotor and a stator, and that their mechanical output is a torque 
applied to the same shaft and can be combined into a single torque output. As shown in 
Figure 3.10, the HIAF device used in the system mainly consists of a motor, a DB, and an 
MB. 
 

 
Figure 3.10 The proposed HIAF device 

 
Conclusively, the concept of HIAF device employs the direct manipulation of the system 
dynamics, which is usually not accessible, through the controls of additional actuating 
devices to improve the system stability and performance. 

3.2 HIAF haptic control system 
In this section, the control law of the system is created on the basis of lumped-model 
analysis, and the state variables as well as system transfer function is derived accordingly. 
The haptic controls are described, including the controls of actuators and the variable 
controller. 

3.2.1 Control law of the HIAF system 

According to Figure 3.10, the HIAF device consists of a simple straight handle with a 
single rotational axis of the three actuators. For simplification, all of the device 
components are described by using lumped- model analysis. 

Figure 3.11 shows the schematic diagram of the system based on the lumped-model 
analysis. According to the figure, the handle is attached to a revolute joint at point A on 
which the rotational axis of the actuators is located, perpendicular to the page. The handle 
is modeled as a weightless link with an equivalent point mass m  located at a distance l 
from the revolute joint. The actuator resultant torque Ta is exerted on the motor axis and an 
operator input force Fo is applied on the handle tip located at a distance L from the revolute 
joint. 
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Figure 3.11 Free body diagram of the HIAF device 
 
According to Figure 3.11, the equation of motion can be derived through the Newton's 
second law of motion as  

∑𝜏𝜏 = 𝐽𝐽�⃑�𝛼                                                                  (3.2) 

where 𝜏𝜏 = the resultant torque vector about the rotational axis 
  J = the total moment of inertia of the system 
  �⃑�𝛼 = the angular acceleration of the system 
The summation of the moments about point A in the clockwise direction gives 
 
∑𝑀𝑀𝐴𝐴 ↻+ :        𝐹𝐹𝑜𝑜 × 𝐿𝐿 + 𝑚𝑚𝑠𝑠𝑚𝑚 sin𝜃𝜃 − 𝑏𝑏�̇�𝜃 − 𝑇𝑇𝑎𝑎 = (𝑚𝑚𝑚𝑚2 + 𝐽𝐽𝑚𝑚 + 𝐽𝐽𝑑𝑑𝑏𝑏 + 𝐽𝐽𝑚𝑚𝑏𝑏 )�̈�𝜃                 (3.3) 

 
where b    = the overall damping coefficient of the rotational axis 
  Jm   = the overall moment of inertia of the motor 
  Jdb  = the overall moment of inertia of the damping brake 
  Jmb  = the overall moment of inertia of the magnetic brake 
 
and 

𝑇𝑇𝑎𝑎 = 𝑇𝑇𝑚𝑚𝑚𝑚 + 𝑇𝑇𝑒𝑒 + 𝑇𝑇𝑚𝑚                                                        (3.4) 

where  Tmt  = the motor torque 
  Te  = the damping brake torque  
  Tm  = the magnetic brake torque 
According to Equation (3.3), the only non-linear term is 𝑚𝑚𝑠𝑠𝑚𝑚 sin𝜃𝜃 which can be 
compensated by a computed torque method [62]. This way the motor torque is computed 
through an angle feedback signal so as to cancel out the gravity effect by generating the 
torque which is equal in the magnitude but opposite in the direction of the torque due to the 
gravitational force.  Define the computed motor torque  𝑇𝑇𝑐𝑐𝑚𝑚 = 𝑚𝑚𝑠𝑠𝑚𝑚 sin𝜃𝜃  and the 
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remaining motor torque Tt = Tmt - Tct , then substitute back into Equation (3.3). We can 
obtain the control law of the system as 
 

𝐽𝐽�̈�𝜃 + 𝑏𝑏�̇�𝜃 + 𝑇𝑇𝑐𝑐 = 𝑇𝑇𝑜𝑜                                                        (3.5) 
 
where 𝐽𝐽 = 𝑚𝑚𝑚𝑚2 + 𝐽𝐽𝑚𝑚 + 𝐽𝐽𝑑𝑑𝑏𝑏 + 𝐽𝐽𝑚𝑚𝑏𝑏 , defined previously 
  𝑇𝑇𝑐𝑐 = 𝑇𝑇𝑚𝑚 + 𝑇𝑇𝑒𝑒 + 𝑇𝑇𝑚𝑚 , denoting the controllable torque generated by the actuators 
  To = Fo × L , representing the operator input torque  
 
3.2.2 State variables and system transfer function in frequency-domain 
 
HIAF haptic system can be represented as a block diagram in Figure 3.12. The electrical 
characteristics of actuators is modeled as a system Ai having an input voltage ui , a static 
gain Ki , an inductor Li and a resister Ri , where i = 1, 2, and 3 indicates the parameter 
index of the actuators respectively. According to Figure 3.12, the state variables are 
represented with xk , where k indicates a state. J, b, and θ respectively denote the system 
moment of inertia, rotational damping, and angular displacement. 
 

 
Figure 3.12 Block diagram of HIAF haptic system 

 
The following shows the construction of the state variables. 
 

𝑥𝑥1

𝑢𝑢1
=

𝐾𝐾1

𝐿𝐿1𝑚𝑚 + 𝑅𝑅1
       

𝑦𝑦𝑦𝑦𝑒𝑒𝑚𝑚𝑑𝑑𝑚𝑚
�⎯⎯⎯�        �̇�𝑥1 = −(𝑅𝑅1 𝐿𝐿1⁄ )𝑥𝑥1 + (𝐾𝐾1 𝐿𝐿1⁄ )𝑢𝑢1                          (3.6) 

 
𝑥𝑥2

𝑢𝑢2
=

𝐾𝐾2

𝐿𝐿2𝑚𝑚 + 𝑅𝑅2
       

𝑦𝑦𝑦𝑦𝑒𝑒𝑚𝑚𝑑𝑑𝑚𝑚
�⎯⎯⎯�        �̇�𝑥2 = −(𝑅𝑅2 𝐿𝐿2⁄ )𝑥𝑥2 + (𝐾𝐾2 𝐿𝐿2⁄ )𝑢𝑢2                         (3.7) 

 
𝑥𝑥3

𝑢𝑢3
=

𝐾𝐾3

𝐿𝐿3𝑚𝑚 + 𝑅𝑅3
       

𝑦𝑦𝑦𝑦𝑒𝑒𝑚𝑚𝑑𝑑𝑚𝑚
�⎯⎯⎯�        �̇�𝑥3 = −(𝑅𝑅3 𝐿𝐿3⁄ )𝑥𝑥3 + (𝐾𝐾3 𝐿𝐿3⁄ )𝑢𝑢3                         (3.8) 

 
𝑥𝑥4

𝑐𝑐1
=

1
𝐽𝐽𝑚𝑚 + 𝑏𝑏

          
𝑦𝑦𝑦𝑦𝑒𝑒𝑚𝑚𝑑𝑑𝑚𝑚
�⎯⎯⎯�        �̇�𝑥4 = −(𝑏𝑏 𝐽𝐽⁄ )𝑥𝑥4 + (1 𝐽𝐽⁄ )𝑐𝑐1                                      (3.9) 

 
From the diagram, 𝑐𝑐1 = 𝑥𝑥1 + 𝑐𝑐2, 𝑐𝑐2 = −𝑐𝑐3 − 𝑐𝑐4, 𝑐𝑐3 = 𝑥𝑥2 ∙ 𝑥𝑥4, and  𝑐𝑐4 = 𝑥𝑥3 ∙ 𝑚𝑚𝑠𝑠𝑠𝑠(𝑥𝑥4)   
 

1
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Then                  
�̇�𝑥4 = −(𝑏𝑏 𝐽𝐽⁄ )𝑥𝑥4 + (1 𝐽𝐽⁄ )(𝑥𝑥1 − 𝑥𝑥3 ∙ 𝑚𝑚𝑠𝑠𝑠𝑠(𝑥𝑥4) − 𝑥𝑥2 ∙ 𝑥𝑥4)                               (3.10) 

 
Define new constants  𝑎𝑎𝑦𝑦 = 𝑅𝑅𝑦𝑦 𝐿𝐿𝑦𝑦⁄  and 𝑏𝑏𝑦𝑦 = 𝐾𝐾𝑦𝑦 𝐿𝐿⁄ 𝑦𝑦 . Then, the matrix representation of the 
state variables is: 
 

�

𝑥𝑥1̇
𝑥𝑥2̇
𝑥𝑥3̇
𝑥𝑥4̇

� = �

−𝑎𝑎1 0 0 0
0 −𝑎𝑎2 0 0
0 0 −𝑎𝑎3 0

1 𝐽𝐽⁄ 0 −𝑚𝑚𝑠𝑠𝑠𝑠(𝑥𝑥4) 𝐽𝐽⁄ −(𝑥𝑥2 + 𝑏𝑏) 𝐽𝐽⁄

� �

𝑥𝑥1
𝑥𝑥2
𝑥𝑥3
𝑥𝑥4

� + �

𝑏𝑏1 0 0
0 𝑏𝑏2 0
0 0 𝑏𝑏3
0 0 0

� �
𝑢𝑢1
𝑢𝑢2
𝑢𝑢3

�          (3.11) 

          𝑦𝑦 = 𝑥𝑥4 
 
The nonlinearity is clearly from the term 𝑥𝑥2 ∙ 𝑥𝑥4 appearing in Equations (3.10) and (3.11). 
Based on the concept of HIAF haptic system, x2 and x3  are directly controllable and 
remain unchanged during the haptic simulation of a virtual wall. Hence, with x2 and x3 
being held constant, the state variables are now reduced, and the state equation becomes: 
 

�𝑥𝑥1̇
𝑥𝑥4̇
� = �

−𝑎𝑎1 0
1 𝐽𝐽⁄ − (𝑥𝑥2 + 𝑏𝑏) 𝐽𝐽⁄ � �

𝑥𝑥1
𝑥𝑥4
� + �𝑏𝑏1

0 � 𝑢𝑢1                                           (3.12) 

 
Usually, the electrical time constant is negligibly small, compared to the mechanical one 
[3]. For a larger one, it can be treated as an added delay, which can be analyzed separately. 
Therefore, the state equation is accordingly simplified to: 
 

�̇�𝑦 =
𝑏𝑏1𝑢𝑢1

𝑎𝑎1𝐽𝐽
− (𝑥𝑥2 + 𝑏𝑏)

𝑦𝑦
𝐽𝐽

                                                                (3.13) 

 
where y is equal to x4, as defined previously. Laplace transformation gives the system 
transfer function as: 
 

𝐺𝐺(𝑚𝑚) =
𝑌𝑌(𝑚𝑚)
𝑈𝑈(𝑚𝑚) =

𝐾𝐾1 𝑅𝑅1⁄
𝐽𝐽𝑚𝑚 + 𝑏𝑏 + 𝑥𝑥2

                                                    (3.14) 

 

Figure 3.13 The linearized transfer functions 
 
 
Comparing Figure 3.12 to Figure 3.13, Be is proportional to x2, serving as an additional 
damping variable. Similarly, fm is proportional to x3, serving as additional friction 
regardless of the direction of x4. 
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3.2.3 System transfer function in discrete time-domain 

The control strategy of the haptic system is presented in Figure 3.14. A sampling rate of 1 
KHz is taken to provide a smooth feel [82], [21]. 
 
To and Zo(s) denotes an operator input torque and the impedance. Hogan [49] presented 
some work on interactions between humans and machines. Paradoxically, he claimed that 
“despite active neuro-muscular feedback control, the human arm exhibits the impedance of 
a passive object”. Hence, Zo(s) is supposed to be passive for analytic purposes. H(z) 
represents the discrete transfer function of the virtual environment, comprising the 
components from Motor, DB, and MB, the impedance of which are denoted by HT(z), 
HD(z), and HM(z), respectively. Each of the actuators is capable of rendering certain types 
of impedance, as described as follows. 
 

 
 

Figure 3.14 The control strategy of the HIAF haptic system 
 
A discrete transfer function of a device impedance can be represented as 
 

 𝐻𝐻𝑦𝑦(𝑧𝑧) = 𝑦𝑦0 + 𝑦𝑦1 �
𝑧𝑧 − 1
𝑇𝑇𝑧𝑧 �                                                  (3.15) 

 
where i0 and i1 are constants associated with impedances and virtual forces rendered by the 
device. The motor is considered an active device, which generates energy into the system, 
and is feasible to render virtual spring and virtual damping forces. DB is considered a 
passive device, which dissipates energy out of the system, and is feasible to render only 
virtual damping force. Lastly, MB is also considered a passive device and is feasible to 
render both virtual friction and damping forces. 

Applying Equation (3.15) to each of the actuators, we have 
 

𝑀𝑀𝑜𝑜𝑚𝑚𝑜𝑜𝑀𝑀 𝑦𝑦𝑚𝑚𝑖𝑖𝑒𝑒𝑑𝑑𝑎𝑎𝑠𝑠𝑐𝑐𝑒𝑒:       𝐻𝐻𝑇𝑇(𝑧𝑧) = 𝐾𝐾𝑚𝑚 + 𝐵𝐵 �𝑧𝑧−1
𝑇𝑇𝑧𝑧
�                                (3.16)  

         𝐷𝐷𝐵𝐵 𝑦𝑦𝑚𝑚𝑖𝑖𝑒𝑒𝑑𝑑𝑎𝑎𝑠𝑠𝑐𝑐𝑒𝑒:        𝐻𝐻𝐷𝐷(𝑧𝑧) = 𝐵𝐵𝑒𝑒                                                     (3.17) 
𝑀𝑀𝐵𝐵 𝑦𝑦𝑚𝑚𝑖𝑖𝑒𝑒𝑑𝑑𝑎𝑎𝑠𝑠𝑐𝑐𝑒𝑒:       𝐻𝐻𝑀𝑀(𝑧𝑧) = 𝑓𝑓𝑚𝑚 + 𝐵𝐵𝑚𝑚 �

𝑧𝑧−1
𝑇𝑇𝑧𝑧
�                              (3.18)  

Combining all of the actuators, yields 
 

𝑯𝑯(𝑧𝑧) = 𝐻𝐻𝑇𝑇(𝑧𝑧) + 𝐻𝐻𝐷𝐷(𝑧𝑧) + 𝐻𝐻𝑀𝑀(𝑧𝑧)                                  (3.19) 
 
Thus, the overall discrete transfer function of all the feasible virtual forces is 
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𝑯𝑯(𝑧𝑧) =

⎩
⎪
⎨

⎪
⎧ �𝐾𝐾𝑚𝑚 + 𝐵𝐵 �𝑧𝑧−1

𝑇𝑇𝑧𝑧
��

𝑻𝑻
     

+(𝐵𝐵𝑒𝑒)𝑫𝑫                             

+ �𝑓𝑓𝑚𝑚 + 𝐵𝐵𝑚𝑚 �𝑧𝑧−1
𝑇𝑇𝑧𝑧
��

𝑴𝑴
   ⎭
⎪
⎬

⎪
⎫

                                      (3.20)  

 
where Ks and B are the virtual stiffness and virtual damping, rendered by Motor. Be is the 
virtual damping rendered by DB. fm and Bm are the virtual friction and virtual damping, 
rendered by MB. The subscripts T, D, and M indicate that the preceding quantities are 
associated with Motor, DB, and MB, respectively. Feasible impedance parameters and 
virtual forces are listed in Table 3.1. 
 

Table 3.1 Feasible impedance parameters and virtual forces 
Actuator Active/Passive Energy Parameter Virtual Force 

Motor Active Generating i0 = Ks Spring 
i1 = B Damping 

DB Passive Dissipating i0 = Be Damping 
i1 = 0 Unused 

MB Passive Dissipating i0 = fm Friction 
i1 = Bm Damping 

 
When all the actuators are directly exploited to simulate the virtual phenomena based on 
their unique characteristics without the derivative terms, the simplified discrete transfer 
function of the virtual environment becomes 
 

𝑯𝑯(𝑧𝑧) = (𝐾𝐾𝑚𝑚)𝑻𝑻 + (𝐵𝐵𝑒𝑒)𝑫𝑫 + (𝑓𝑓𝑚𝑚)𝑴𝑴                       (3.21) 
 
which can be directly controlled by a classical proportional controller. The system as such 
is more likely to be stable because the effects of the sampling rate to the approximation of 
the derivative quantities, such as velocity and acceleration, no longer exist. 

The control law of the haptic system is described as 𝐽𝐽�̈�𝜃 + 𝑏𝑏�̇�𝜃 + 𝑇𝑇𝑣𝑣 = 𝑇𝑇𝑜𝑜 , where J, b, and θ 
are previously defined. To denotes the operator input torque, which is the product of the 
operator force Fo applied at the handle tip, and the handle length L measured from the 
center of rotation to the handle tip. Tv denotes the torque generated by the actuators, based 
on the virtual force Fv, which is obtained from 
 

𝐹𝐹𝑣𝑣 = �𝐹𝐹𝑦𝑦

𝑠𝑠

𝑦𝑦=1

                                                                   (3.22) 

where Fi is the force element felt at the handle tip. 
 
3.2.4 Controls of actuators 

As shown in the controlling diagrams in Figure 3.15, Figure 3.16, and Figure 3.17, the 
haptic controllers receive feedback from the output and then compare it to the stored data. 
When the collision is detected, all the necessary data will be transmitted. The controls of 
actuators are independent but switched by Logic Controller, in which the control 
algorithms calculate and send out the desired value to the variable controller. The control 
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law of each actuator is described as 𝐽𝐽𝑦𝑦 �̈�𝜃 + 𝑏𝑏𝑦𝑦�̇�𝜃 + 𝑇𝑇𝑦𝑦 = 𝑇𝑇𝑜𝑜 , where the subscript i can be 
replaced by t, e, or m, representing the corresponding actuator. Td is the desired variables 
of torque, and Tt is the motor torque. To is an operator input torque. Bd and Be are the 
desired and controlled variables of damping, respectively. Te is the DB torque. Lastly, fd 
and fm are the desired and controlled variables of friction, respectively. Tm is the MB 
torque. 

Figure 3.15 Motor controlling diagram 

 
Figure 3.16 DB controlling diagram 

 
 

Figure 3.17 MB controlling diagram 

A special control technique is needed for MB, since Tm is a hard non-linearity function 
with a discontinuity at zero velocity, which is described by piecewise functions as Tm = -
To, |To| ≤  fm, for ω = 0, and Tm = -fm×sgn(ω) for ω ≠ 0. This is compensated by the 
feedback of sgn(ω) to the controller, making Tm independent of sgn(ω), i.e. sgn(ω)×sgn(ω) 
is always positive unity. Moreover, To is also fed back to the controller so as to have Tm as 
a function of To. 

3.2.5 Variable controller 

According to Figure 3.18, adapted from [71], the open-loop variable controller consists of 
Amplifier, Device Circuit, and a device characteristic function (DCF) obtained from the 
characteristic curves of the devices. For a linearized system, DCF = 1/KL, where KL is the 
linearized gain. Vd, Vi, and Vo are respectively the desired, the input, and the controlled 
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output variables, e.g. torque, damping or friction. Ic and Id are the calculated and the actual 
device currents, respectively. Vc is the command voltage. Ld and Rd are the device 
inductance and resistance. 

 

Figure 3.18 Open-loop variable controller 

 
Figure 3.19 Closed-loop variable controller 

 
If very precise controlled variables are required, a variable observer can be applied to the 
closed-loop one [29], as shown in Figure 3.19, where Ke is the variable error gain. 
However, care must be taken, since a closed-loop control is likely to cause unwanted 
oscillations and overshoots, when applied to an active actuator. In this paper, the controlled 
variables  remain unchanged within a virtual wall; therefore, the use of open-loop 
controller was sufficient [71]. 

3.3 Stability analysis 

The stability of the haptic system is based only on the closed-loop control of the motor, 
including the discretization and delay effects. For a conventional virtual wall, the transfer 
function is represented as a constant stiffness gain Ks as presented in Figure 3.20. This 
yields Tv(s) =  Ks⋅∆θ(s) = Ks⋅[θr(s)-θs(s)], where θr(s) is defined as SCP and relatively zero 
on the wall surface. For analytical purposes, the virtual wall is defined as a bilateral 
constraint. The discretizing effect is represented with an ideal sampler, approximated as a 
constant gain of 1/T [3], and a Zero-Order-Hold (ZOH) device, described as ZOH = [1-
exp(-sT)]/s, where T is a sampling period. The closed-loop transfer function of the motor 
without the delay is: 

𝐺𝐺𝑐𝑐𝑚𝑚 (𝑚𝑚) =
𝜃𝜃(𝑚𝑚)
𝑇𝑇𝑜𝑜(𝑚𝑚) =

1

(𝐽𝐽𝑚𝑚2 + 𝑏𝑏𝑚𝑚) + �1 − 𝑒𝑒−𝑚𝑚𝑇𝑇
𝑚𝑚𝑇𝑇 �𝐾𝐾𝑚𝑚

                              (3.23) 

 
Using bilinear transformation [26] for the term e-sT, we have: 
 

𝐺𝐺𝑐𝑐𝑚𝑚 (𝑚𝑚) =
(1/𝑏𝑏)(2 + 𝑚𝑚𝑇𝑇)

𝑇𝑇(𝐽𝐽/𝑏𝑏)𝑚𝑚3 + [2(𝐽𝐽/𝑏𝑏) + 𝑇𝑇]𝑚𝑚2 + 2𝑚𝑚 + 2(1/𝑏𝑏)𝐾𝐾𝑚𝑚
                                    (3.24) 
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Applying the Routh-Hurwitz stability criteria [61], [22] to [73], the system remains stable 
for: 
 

0 < 𝐾𝐾𝑚𝑚 < 2𝑏𝑏/𝑇𝑇 + 𝑏𝑏2/𝐽𝐽                                                                      (3.25) 
 
The first term on the right hand side is the passivity condition, derived by Colgate and 
Schenkel [26], and the second term is due to the system dynamics. 
  

 
 

Figure 3.20 Block diagram of the virtual wall 

Gill et al. [38] implied that virtual damping and human operator can expand the limit of Ks. 
Without the presence of the two, the limit is considered the worst case. Gil and Sanchez 
[37] modeled the delay effect as e-sd , where d is the combined delay. In our work the delay 
includes MATLAB algorithm, slew rate, signal conversion, etc. All of the previous work 
mentioned above assumed the term b2/J negligibly small and ignored it. However, for  
HIAF, it is included, and the transfer function with the delay is equal to: 
 

𝐺𝐺𝑐𝑐𝑚𝑚 (𝑚𝑚) =
1

(𝐽𝐽𝑚𝑚2 + 𝑏𝑏𝑚𝑚) + [𝑒𝑒−𝑚𝑚𝑑𝑑 ] �1 − 𝑒𝑒−𝑚𝑚𝑇𝑇
𝑚𝑚𝑇𝑇 �𝐾𝐾𝑚𝑚

                                          (3.26) 

 
Applying Tustin transformation [26], we have: 
 

𝐺𝐺𝑐𝑐𝑚𝑚 (𝑚𝑚) =
𝑇𝑇𝑑𝑑𝑚𝑚2 + 2(𝑇𝑇 + 𝑑𝑑)𝑚𝑚 + 4

𝐽𝐽𝑇𝑇𝑑𝑑𝑚𝑚4 + [2𝐽𝐽(𝑇𝑇 + 𝑑𝑑) + 𝑏𝑏𝑇𝑇𝑑𝑑]𝑚𝑚3 + [4𝐽𝐽 + 2𝑏𝑏(𝑇𝑇 + 𝑑𝑑)]𝑚𝑚2 + (4𝑏𝑏 − 2𝑑𝑑𝐾𝐾𝑚𝑚)𝑚𝑚 + 4𝐾𝐾𝑚𝑚
      (3.27) 

 
The constant JTd is negligibly small. Hence, the Routh-Hurwitz stability criteria imply Ks 
< 2b/d, and: 

𝐾𝐾𝑚𝑚 <  
4𝐽𝐽𝑏𝑏 + 2(𝑇𝑇 + 𝑑𝑑)𝑏𝑏2

4𝐽𝐽𝑑𝑑 + 2𝐽𝐽𝑇𝑇 + 2𝑏𝑏𝑇𝑇𝑑𝑑 + 𝑏𝑏𝑑𝑑2                                                         (3.28) 

 
Diolaiti et. al. [32] developed stability criterion for a haptic control system based on energy 
dissipation. They suggested that the friction can extend the stable  Ks up to 2𝑓𝑓/𝑄𝑄, where f 
is system friction and Q = ωmax ⋅T, where ωmax is the maximum stable wall-entering 
velocity. Adding friction effects, Equation (3.28) becomes: 
 

𝐾𝐾𝑚𝑚 <  
4𝐽𝐽𝑏𝑏 + 2(𝑇𝑇 + 𝑑𝑑)𝑏𝑏2

4𝐽𝐽𝑑𝑑 + 2𝐽𝐽𝑇𝑇 + 2𝑏𝑏𝑇𝑇𝑑𝑑 + 𝑏𝑏𝑑𝑑2 +
2𝑓𝑓
𝑄𝑄

                                                       (3.29) 

 

Te(s) 

 
Tv(s) 

 

- 
Ks 

Motor 

- 
+ 

ZOH 
θs 

 T  
θ 

θr = 0 (SCP) 
+ 

1
𝐽𝐽𝑚𝑚 + 𝑏𝑏

 

System Dynamics 

1
𝑚𝑚

 

Gp(s) 

∆θ 

To(s) 

Delay 



 31 

For d < 1, Expression (3.29) < 2b/d. We define β = b + Be and σ = f + fm, where Be and fm 
are controllably added damping and friction, respectively. The proposed stability condition 
of HIAF haptic system is: 
 

𝐾𝐾𝑚𝑚 <  
4𝐽𝐽𝐽𝐽 + 2(𝑇𝑇 + 𝑑𝑑)𝐽𝐽2

4𝐽𝐽𝑑𝑑 + 2𝐽𝐽𝑇𝑇 + 2𝐽𝐽𝑇𝑇𝑑𝑑 + 𝐽𝐽𝑑𝑑2 + 2𝜎𝜎/𝑄𝑄𝑑𝑑                                               (3.30) 

 
where Qd = ωmax ⋅(T+d).   
 

 
Figure 3.21 Stability boundaries with no delay 

 

 
Figure 3.22 Stability boundaries with d = 1 ms 
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Figure 3.23 Stability boundaries with d = 20 ms 

 

 
 

Figure 3.24 Stability boundaries with d = 20 ms with σ = 1 N.m 
 
All of the analytic models discussed in this work exclude the small effects of acceleration 
and quantization on Ks. Figure 3.21 to Figure 3.24 show the effects of delay and friction on 
stability boundaries using various theoretical models, compared to the simulation results 
based on the linearized transfer functions shown in Figure 3.13. In respective order, the 
conditions of the stability boundaries using various models shown in Figure 3.21, Figure 
3.22, Figure 3.23, and Figure 3.24 are No delay, d = 1 ms, d = 20 ms, and d = 20 ms with σ 
= 1 N.m. The solid line shows linear approximation of HIAF haptic system. The 
parameters used in this simulation are b = 0.01 N.m-s/rad, f = 0.05 N.m, T = 1 ms, J = 
0.0262 Kg.m2, and ωmax = 2 rad/s. According to all the figures, it can be seen that HIAF 
follows well the simulation data in all cases. 

3.4 Haptic device descriptions 

One of the most important parts in a haptic system is the haptic device through which 
human-machine interaction occurs. The haptic device used in the system is conceived and 
developed at the school of engineering technology, Asian Institute of Technology (AIT). 
The prototype of the haptic device is made up of a motor, a damping brake and, a magnetic 
brake. This section describes all of the hardware used in this work including the motor, the 
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two brakes, a motor controller, a brake driving device, the power supplies, and the position 
and force sensors. 

3.4.1 Motor 
 

 
Figure 3.25 Motor 

An AC torque motor, a special kind  of an induction motor, is selected to transmit the 
driving torque in the haptic device. The motor is capable of operating indefinitely while 
stalled. With the rotor blocked from turning, it can run without incurring damage. In this 
mode of operation, the motor applies a steady torque to the load. This particular choice in 
function of the haptic device specification is suitable for a haptic application because the 
motor is able to be continuously stalled without being damaged and provides a constant 
torque during the haptic simulation of a virtual wall. 

 
Table 3.2 Parameters of motor 

Parameter Value 
Voltage (single-phase) 220 VAC 
Current 0.8 A 
Power consumption 170 W 
Maximum operating speed 1400 RPM 
Maximum driving torque 5.5 N.m 

 
 

 
Figure 3.26 Characteristic curves of motor static torque 
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Figure 3.27 Characteristic curves of motor torque-speed 

Driven from a wide range of voltage, the characteristics of the motor allow a relatively 
constant light rotation or a fast-forward and -backward operation to be applied to the haptic 
shaft. Figure 3.25 shows the motor, model TM520C-GNE, used in the system, and Table 
3.2 lists the parameters of the motor. The motor runs with a 220 VAC power supply at the 
frequency of 50 Hz and its power consumption is 170W. It has a maximum torque of 0.45 
N.m and maximum speed of 1400 RPM with the shaft inertia less than10-6 kg.m2. A 
gearbox unit with a 15:1 gear-head ratio is selected, converting into a maximum 
permissible output torque of 5.5 N.m. The characteristic curves of the motor obtained 
through no load tests, are shown in Figure 3.26 and Figure 3.27. 
 
3.4.2 Damping brake 

In this work, we employed a reversible split-phase induction motor as a braking device by 
means of a dc injection braking technique. Similar to a damping brake, the motor itself has 
a natural damping characteristic due to the eddy current effects on the rotor while spinning 
through the magnetic fluxes of the stator. This particular feature in function of the haptic 
device specification is suitable for a haptic application because the damping brake can be 
directly controlled by only applying a dc voltage using an open-loop control method. The 
brake needs no feedback signal to create a damping force, which makes the system well 
stable, compared to other kinds of brakes used in many of the previous haptic researches 
[5], [7], [31]. 

 
Figure 3.28 DB 
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Table 3.3 Parameters of DB 
Parameter Value 

Voltage 24 VDC 
Current 0.75 A 
Power consumption 18 W 
Maximum operating speed 2500 RPM 
Maximum braking torque 10.1 N.m 

Figure 3.28 shows an 18W damping brake (DB), model 5RK90GN-CF, and Table 3.3 lists 
the parameters of DB. A 10:1 ratio gearbox unit was employed to transmit the torque. It 
has a maximum braking torque of 10.1 N.m and operates at maximum speed of 2500 RPM. 
It was excited by the control of a 24 VDC power supply, through which the damping 
torque can be adjusted. 

Figure 3.29 shows the torque-speed characteristic curves of DB. According to the figure, 
the characteristic curves are obtained through no load tests. The brake is run in the 
operating region to minimize nonlinear effects on the haptic device. A dc voltage supply is 
used in conjunction with a power amplifier to excite the brake        

 
 

Figure 3.29 Torque-speed characteristic curves of DB 
 
3.4.3 Magnetic brake 

A magnetic friction brake is selected to create friction torque in the haptic device. The 
brake has a high response time and is capable of operating at a very high speed of 5000 
RPM, compared to a much lower operating speed of less than 1000 RPM in other kinds of 
brakes used in many of the previous haptic researches [5], [7], [31]. This particular 
selection in function of the haptic device specification is suitable for a haptic application 
because the brake is able to quickly turn on and off without causing any delay. The brake 
can also be continuously operated at a stalled condition without being damaged, providing 
a steady torque during the haptic simulation of a virtual wall. 

Figure 3.30 shows a 6W magnetic brake (MB), model H140-24-2M, and Table 3.4 lists the 
parameters of MB. The brake torque can be straightforwardly adjusted through the control 
of a 24 VDC power supply. With a 10:1 ratio gearbox unit, it provides a maximum braking 



 36 

torque of 9.9 N.m and operates at maximum speed of 5000 RPM with the shaft inertia of 
110x10-6 kg.m2.  

 

 
Figure 3.30 MB 

 
Table 3.4 Parameters of MB 
Parameter Value 

Voltage 24 VDC 
Current 0.25 A 
Power consumption 6 W 
Maximum operating speed 5000 RPM 
Maximum braking torque 9.9 N.m 

 
The characteristic curves of MB, obtained through no load tests, are shown in Figure 3.31 
and Figure 3.32. The brake runs in the operating region to minimize nonlinear effects on 
the haptic system. A dc voltage supply is used in conjunction with a power amplifier to 
excite the brake. 
 

 
Figure 3.31 Characteristic curves of MB static torque 
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Figure 3.32 Characteristic curves of MB torque-speed 
 

 
3.4.5 Motor controller 

The motor controller used in the system is shown in Figure 3.33. It requires a 24V DC 
power supply to operate and can control a 220V AC power line feeding to the motor.  
The voltage is controlled by a phase control approach using a triac. The triac switches at 
the desired phase angle to control the command voltage as represented by the phase angle 
areas of the graph, as shown in Figure 3.34. 

 
Figure 3.33 Motor controller 

 

 
Figure 3.34 Motor phase control 
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3.4.6 Brake drives 

 
Figure 3.35 Brake drives for DB and MB 

The brake driving device used in this work consists of two identical brake drives as shown 
in Figure 3.35. The circuit diagram of the brake drive application is shown in Figure 3.36. 
According to the figure, both of the brake drives employ an LM3875 integrated circuit 
with the heat sink on, a high-performance audio power amplifier which is utilized as a 
power drive for DB and MB. Each of the two is capable of delivering 56W of continuous 
average power to an 8Ω load with 0.1% THD+N from 20Hz to 20kHz. 

 
Figure 3.36 The circuit diagram of the brake drive application 

3.4.7 Power supplies 

 
Figure 3.37 24V DC power supply 
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Figure 3.38 24V AC power supply 

In this work the 220V power line is used as a direct source of energy for the haptic system 
and its components, e.g. the computer, the actuators, etc. However, the motor controller 
requires a 24V DC power source while the brake drives need a 24V AC power supply. 
Figure 3.37 and Figure 3.38 show the 24V DC and 24V AC power supplies, respectively. 

3.4.8 Position sensor 

 
Figure 3.39 Encoder 

A rotary incremental encoder of 1024 pulse/revolution, model TRD-S1024V, is selected as 
a position sensor to measure the angular position of the system, as shown in Figure 3.39. 
The angle resolution is 4.1x10-4 rad. The encoder requires 5V power source to operate and 
it has a 2-phase line driver output type with home position in forward operation. It has an 
initial torque of 0.001 N.m and operates at maximum speed of 6000 RPM with the shaft 
inertia of 0.3x10-6 kg.m2.  

3.4.9 Force sensor 

A bending beam load cell (BBLC), model PT8000, is selected as a  force sensor to measure 
the resulting sum of torques, which can be felt by a human operator. It has signal output at 
capacity less than 2mV/V ± 0.1%. The linearity Error is less than 0.020% FSO. The sensed 
force is then converted into the torque by multiplying with a fixed value of the selected 
radius which is experimentally calibrated. The torque sensing resolution is 1.8x10-4 N.m. 
BBLC also requires 5V power source to operate and it has a service load up to 5 KG 
(49N). Figure 3.40 shows the haptic handle which is created by connecting the force sensor 
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with upper and lower supports. The upper is connected to a knob acting as HIP, and the 
lower is connected to the system axis. 

 
Figure 3.40 Haptic handle 

 
 

3.4.10 HIAF haptic device 

 

 
 
 

Figure 3.41 HIAF haptic device 
 
Figure 3.41 shows the HIAF haptic device used in this work. It is a structural device 
formed by assembling of all the major parts and components, including motor, DB, MB, 
the haptic handle, and the encoder, with an aluminum supporting frame and high stiffness 
couplers connecting the axes together. 

3.5 Hardware interfaces 

In this work, a data acquisition board and an output interface device are assembled to form 
an input-output signal interface panel, where signals are transmitted and communicated 
between a computer and all of the hardware. The computer runs MATLAB software with 
built-in Simulink, a model-based design tool using graphical programming methodology. 
The hardware interfaces are directly plugged in by means of the hardware-in-the-loop 
(HIL) platform in the Real-Time Workshop mode of the software.  
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3.5.1 Data acquisition board 

 
 

Figure 3.42 NI 6014 data acquisition board 
 
An NI 6014 data acquisition board (DAQ) is used with a sampling rate of 1 KHz to 
provide a smooth feel [49], [9]. It is a high-performance multifunction analog, digital, and 
timing I/O devices for PCI, which features 16 channels of 16-bit analog input, two 
channels of 16-bit analog output, and eight lines of digital I/O. It uses the data acquisition 
system timing controller that control AI, AO, and general-purpose counter/timer functions. 
These include a total of seven 24-bit and three 16-bit counters and a maximum timing 
resolution of 50 ns. Figure 3.42 show the NI 6014 data acquisition board. 
 
3.5.2 Input-Output signal interface 

The Input-Output(IO) signals are interfaced and transmitted through the IO interface panel 
as shown in Figure 3.43. It consists of DAQ terminals of 64 connector pins and an output 
interface device, as shown in the right and the left sides of the figure, respectively. 
 

 
 
 

Figure 3.43 IO interface panel 

The encoder and the torque sensor are directly connected to the DAQ terminals, while the 
control commands from the computer are sent from the DAQ terminals through the 
communication cable on the output interface device, from which the output signals are then 
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sent to the motor controller and brake drives, as shown with the details of the hardware 
interfaces in Figure 3.44. 

 
 

 

 
Figure 3.44 Hardware interfaces 

 

3.6 Physical setup of HIAF haptic system 
 

 
 

Figure 3.45 Schematic diagram of the HIAF haptic system 
 
In this work, the HIAF haptic device is both mechanically and electrically connected to a 
hardware interface which is further electronically connected to a computer where virtual 
environment is created along with stored database. As shown in Figure 3.45, the schematic 
diagram of the HIAF haptic system consists of a virtual environment, a hardware interface 
and HIAF device, i.e. the three electrical actuators, including a motor, a DB, and an MB. 
 
Figure 3.46 shows the interface diagram of the HIAF haptic system. According to Figure 
3.46, the rendering procedure of the haptic control cycle starts off with the human operator 
moving a handle of the haptic device. The DAQ detects the movement by receiving the 
input signals from the sensors and send them to the virtual environment created in 
MATLAB computer software, in which a pre-programmed haptic controller is running. 
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Figure 3.46 Interface diagram 

Impedance forces are instantly calculated by the haptic controller, and the corresponding 
action commands are given to the system. The system converts the commands into output 
signals and send them back via the DAQ to the output interface device.  Then, the motor 
controller and the brake drives simultaneously generate the corresponding power to the 
motor and the brakes, respectively. The impedance forces are finally rendered and 
transmitted to the haptic device and interact with the human operator. The entire process is 
repeated and governed by the haptic controller in the virtual environment, including 
actuator controls, actuator selections, and control of desired variables. 
 

 
 

 
 
 
 

Figure 3.47 Physical setup of HIAF haptic system 
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Figure 3.47 shows the physical setup of the HIAF haptic system. According to the figure, it 
mainly consists of the HIAF haptic device, hardware interfaces, and virtual environment.  
In this work, we use a bending beam load cell (BBLC) as a force sensing device. The 
inertia effect of the BBLC and its associated linkage was modeled as a point mass on the 
center of gravity of the haptic handle located 65 mm from the center of rotation. HIP is 
located at the tip of the handle, 18 cm long in the work space of 270 degree. The three 
actuators are: a 5.5-N.m ac motor, a 10-N.m DB, and a 10-N.m MB. J, b, and f are 
2.62×10-2 kg⋅m2, 0.01 N.m-s/rad,  and 0.05 N.m, respectively. The torque sensing 
resolution is 1.8x10-4 N.m, and the angle resolution is 4.1x10-4 rad. An NI 6014 data 
acquisition board (DAQ) is used with a sampling rate of 1 KHz to provide a smooth feel 
[49], [9]. 
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CHAPTER 4 

VIRTUAL ENVIRONMENT 

This chapter describes the virtual environment and the software configurations used in this 
dissertation, including virtual forces, haptic rendering and simulation techniques, and 
model-based programming of haptic control and virtual objects in the virtual environment. 

4.1 Virtual forces 

In this work, the virtual environment consists of three kinds of virtual forces used in 
simulations and experiments, i.e. spring force, damping force, and friction force. Each kind 
of force is treated as a force element Fi and computed based on the fundamental laws of 
physics. A complex virtual force can be simply created by the combination of these force 
elements. When the virtual force is passive, it can be generated by either an active or a 
passive actuator. It is possible to have more than one kind of actuator as a selection. On the 
other hand, when the virtual force is active, only an active actuator can be used. Passive 
actuators are not capable of rendering an energy-generating virtual force. The force 
element Fi is described as follows. 
 
Virtual spring force: 
A virtual spring force is an active force, which is a function of displacement. The force 
element can be calculated as 
 

𝐹𝐹𝑦𝑦 = 𝐹𝐹𝑚𝑚 = −𝐾𝐾𝑚𝑚∆𝑥𝑥                                                                   (4.1) 

where Fs is the spring force, Ks is the spring stiffness, and ∆x is the displacement measured 
from the spring equilibrium point. 

Virtual damping force: 
A virtual damping force is a passive force, which is a function of velocity, the relation is 
described as 

𝐹𝐹𝑦𝑦 = 𝐹𝐹𝑑𝑑 = −𝐾𝐾𝑑𝑑𝑣𝑣                                                                     (4.2) 

where Fd is the damping force, Kd is the damping coefficient, and v is the current velocity. 

Virtual friction force: 
A virtual friction force is a passive force, which is considered a hard non-linear function 
with a discontinuity at zero velocity.  The piecewise functions can be applied. 
 

(a) For 𝑣𝑣 ≠ 0 
𝐹𝐹𝑦𝑦 = 𝐹𝐹𝑓𝑓 = −𝐹𝐹𝑘𝑘  𝑚𝑚𝑠𝑠𝑠𝑠(𝑣𝑣)                                                                (4.3) 

 
(b) For 𝑣𝑣 = 0 

𝐹𝐹𝑦𝑦 = 𝐹𝐹𝑓𝑓 = −𝐹𝐹𝑒𝑒  ,   |𝐹𝐹𝑒𝑒 | ≤ 𝐹𝐹𝑚𝑚                                                           (4.4)                            
 
where Ff is the friction force, Fk and Fs are respectively kinetic and static frictions. Fe is an 
external active force being applied, usually from the human operator or the motor. 
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4.2 Haptic rendering and simulation techniques 

When exploring virtual environments, the interaction point with objects through the end 
point of the haptic handle is defined as HIP. At this point, a haptic rendering technique is 
employed. The point-based haptic interaction is applied through the concept of proxy that 
follows a transform of the device end point or the haptic handle tip in the virtual 
environment. The geometry of the proxy is typically a point, sometimes referred to as an 
ideal haptic interaction point (IHIP) [17], or equivalent to SCP in this dissertation. 

 

Figure 4.1 Proxy concept for haptic rendering technique 
 
Figure 4.1 shows the proxy concept for haptic rendering technique. According to the 
figure, in free space SCP and HIP coincide at the end position of the haptic handle at time t 
= t0. When contacting a virtual wall, SCP can be obtained by moving the last SCP towards 
HIP without penetrating the surface. The force is calculated by simulating a virtual spring 
stretched from SCP to HIP. At time t = t1, the simulation shows the penetration of ∆x1 into 
the virtual wall with the stiffness of K, and the corresponding force F1 is equal to K∆x1. At 
time t = t2, the spring is stretched even longer, and hence we will feel greater resistance. A 
simple spring-damper control law can also be used for computing the force that includes a 
damping effect. In fact, the discrete transfer function H(z) in Equation (3.21) is considered 
as a point function with three components, and the haptic parameters change the values 
according the database related to the current position. The values are different with the 
different position. 
 

 
 

Figure 4.2 Haptic parameters in virtual space 
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Figure 4.2 shows the haptic parameters in virtual space and their corresponding values in 
the database related to the current position in 3-D. According to the figure, each area and 
its related parameter values in the virtual space is predefined in the virtual environment. 
When HIP moves into that area, the values will be assigned to the corresponding actuators. 
The values in each area remain unchanged unless HIP is moved out of the area. The 
parameter values in space are by default equal to zero. For a 1-DOF haptic system, the 
parameters will only vary along the x-axis. 
 

 
Figure 4.3 Haptic simulation diagram 

 
Figure 4.3 shows the haptic simulation diagram. Haptic simulation is generally made up of 
three major parts, which are a haptic device, a rendering module, and a virtual environment 
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database. The first part includes HIP, with its associated linkages and mechanism, and 
sensors and actuators, along with the ADC and DAC respectively. The second part, 
rendering module, consists of three sub-modules, which are collision detection, interaction 
mechanics, and haptic controller. The collision response is included in the haptic controller 
with the generated response forces computed from the interaction mechanics sub module. 
The last part contains three virtual environment databases, which are a geometry database 
storing the information of an object such as positions, a dynamics database storing the 
equations of motions that represent the relation between the forces and the displacement, 
and properties database storing all of the material properties for any object, including 
stiffness, damping, friction etc. The sampling frequency is 1 kHz for all haptic interaction 
occurrences but 30 Hz for visual displays.  
 
4.3 Model-based programming 

 

 
Figure 4.4 Block diagram of model-based programming 

A software package, MATLAB and Simulink with a model-based design tool for graphical 
programming approach, serves as major control and interface application software in this 
work. It comes with built-in VRML editor and compiler, V-REALM, which is exploited to 
graphically create and simulate 3-D models associated with the virtual environment and the 
haptic interface, directly connected through the hardware-in-the-loop (HIL) module in the 
Real-Time Workshop mode. The software package runs on the Window XP platform with 
a 2.2 GHz Pentium Dual-CPU PC.  

Figure 4.4 shows the block diagram of the model-based programming for the haptic 
interface and the virtual environment. It mainly consists of three major block models, i.e. 
the HIAF haptic interface block model representing the interface of the actual hardware 
associated with the HIAF haptic device, the virtual environment block model containing a 
collision detection module and a haptic controller, and the virtual world simulation block 
model, in which all of the virtual objects are graphically created and simulated for the sake 
of GUI. The virtual environment and the virtual world simulation block models are 
internally connected with each other to form a virtual reality haptic interaction. The human 
operation block model contains no information but is presented there to indicate the 
location at which a human operator will interact the system. 
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Figure 4.5 shows the details of HIAF haptic interface block model containing all the input 
and output signal ports that interface with the actual hardware associated with the HIAF 
haptic device, including sensors and actuators, through a National instrument PCI-6014 
data acquisition board. Both analog and digital signals are transmitted at the sampling 
frequency up to 1 kHz. The block model parameters of the selected outputs of analog and 
digital signals are shown in Figure 4.6. 
 

 
Figure 4.5 HIAF haptic interface block model 

 

     
a)          b) 

Figure 4.6 Block parameters of selected outputs; a) analog signal, b) digital signal 
 
Figure 4.7 shows the components of the virtual environment block model containing only 
the collision detection and the haptic controller block models. The collision detection block 
model is to detect the collision and penetration of HIP upon the virtual wall surface 
position, as shown in Figure 4.8. According to the figure, the preset position of the virtual 
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wall surface is chosen and then interactively compared with HIP in both clockwise and 
counter-clockwise directions. A previously defined SCP coincides with HIP and will 
follow it up to the virtual wall surface, into which only HIP can penetrate. All of the 
outputs are directly sent to the haptic controller, but only the virtual wall surface position 
and the displacement information of both HIP and SCP are also simultaneously sent in 
parallel to the virtual world simulation block model. 
 

 
Figure 4.7 Components of virtual environment block model 

 

 
Figure 4.8 Diagram of collision detection block model 

 
Figure 4.9 shows the diagram of the haptic controller block model, which primarily 
consists of the active actuator, the passive actuators, and the compensator block models. 
The active actuator control block model, as shown in detail in Figure 4.10, employs an 
impedance control methodology to calculate the virtual forces in accordance with the 
predefined virtual environment conditions, e.g. virtual stiffness, virtual friction, virtual 
damping, etc. The passive actuators block model is to control the amount of the braking 
torques of both DB and MB, using the pulse-width-modulation (PWM) technique. The 
compensator block model is mainly designed so as to counterbalance the gravitational 
effect by sending out the computed torque command to the motor, producing the force with 
the same magnitude but in the opposite direction of the gravity. 
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According to the diagram of the active actuator control in Figure 4.10, the virtual stiffness 
block model obtains the angular displacement magnitude as an input signal and calculate 
the corresponding impedance torque as an output which is then multiplied by the unit 
converter to obtain the force command. The impedance torque can be any functions, e.g. 
constant, linear, square etc, depending on the preset functions as desired, as shown in 
Figure 4.11; however, only the constant one is used and investigated in this work. Since 
there is no velocity sensor in this work, the virtual damping block model indirectly obtains 
the angular velocity magnitude through the displacement derivative, and the impedance 
torque can be any functions similar to the virtual stiffness block model.  
 

 
Figure 4.9 Diagram of haptic controller block model 

 

 
Figure 4.10 Diagram of active actuator control block model 

Usually an active actuator cannot directly simulate a virtual friction force; however, the 
virtual friction block model receives an additional input information of an external active 
force from the force sensor. Then, Equations (4.3) and (4.4) are applied to obtain the 
virtual friction force in the virtual friction block model, as shown in Figure 4.12. This way 
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the virtual friction force, to some extent, can be generated by the motor. Only for 
comparison with the test run of MB output was it employed, and the results of the virtual 
friction force generated by the motor were not included in this work. 

Figure 4.13 shows the diagram of the encoder block model. The block model receives the 
information of encoded pulses in both CW and CCW directions from the encoder and 
converts them into displacement and velocity. The maximum angular displacement can be 
appropriately set as far as the safety is concerned. The haptic simulation system will stop 
when the preset angle limit is reached. 

 
Figure 4.11 Selective functions of virtual stiffness block model 

 

 
Figure 4.12 Diagram of virtual friction block model 

 

 
Figure 4.13 Diagram of encoder block model 
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Figure 4.14 shows the diagram of the load cell block model. The block model receives a 
signal of the sensed force from the load cell and converts it into meaningful information 
that represents the actual force exerting on the haptic handle. For a safety reason similar to 
the case of the encoder, the force limit value can be preset to stop the haptic simulation 
when the sensed force signal from the load cell goes beyond this point. From the figure, the 
gravity compensator block model is also added to compensate the gravitational effect on 
the load cell due to the weight of the haptic handle and its assembly. 
 

 
Figure 4.14 Diagram of load cell block model 

The diagram of the virtual world simulation block model is shown in Figure 4.15. 
According to the figure, the displacement information containing HIP and SCP is modified 
on the sampling rate from 1 kHz down to 30 Hz so as to reduce the unnecessary 
computational overhead , since the human eyes cannot discern the differences anyway. All 
the signals are passed on to the VR sink block model which is internally connected to a 
VRML compiler for haptic simulation, as shown in Figure 4.16, and the corresponding 
virtual objects can be created and modified using a VRML editor, as shown in Figure 4.17. 

 

 
Figure 4.15 Diagram of virtual world simulation block model 

According to Figure 4.16 and Figure 4.17, there are four virtual objects in the scene, which 
are Floor, Virtual Wall, SCP, and HIP. The Floor object is created to help identify the 
orientation but is not used for the haptic simulation. The Virtual Wall object is created as a 
solid blue box of rectangular shape. The SCP and HIP objects are clearly separated in 
Figure 4.16; however, in Figure 4.17 one is superimposed onto the other. The detailed 
description of the virtual objects of both SCP and HIP are shown in Figure 4.18.  

From the Figure 4.18, each of the virtual objects is created as a 3-D box of cubic shape 
with some different attributes, including the colors and the transparency. The SCP box is 
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apparently red in surface color and completely opaque, and the HIP box is alternatively 
white with 50% transparency. The colors are arbitrarily selected in such a way that the 
difference of the two objects is obviously noticed at a certain time and position. 
Nevertheless, while moving in a free space, both boxes are not distinguishable and move 
along a path as if they were only one object. It is when they reach the virtual wall surface 
that only the HIP box can go through. The SCP box will stop and remain on the surface of 
the virtual wall. The distance between the two boxes is employed to calculate the 
corresponding force, e.g. a spring force. This is so called proxy concept, as mentioned 
earlier in the previous section. 

 

 
Figure 4.16 VRML compiler 

 
 

 
Figure 4.17 VRML editor 
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a)          b) 

Figure 4.18 Detailed description of virtual objects; a) SCP, b) HIP 
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CHAPTER 5 

HIAF HAPTIC SYSTEM EXPERIMENTS 

This chapter discusses two types of experiments of the HIAF haptic system. The first one 
is the experiment on the stability improvement by HIAF haptic system, which is designed 
to test the system stability without a human operator holding the haptic handle. The second 
one is the physical experiment of HIAF haptic system on virtual wall, which is to prove the 
concept of HIAF haptic system having advantages over a conventional one. 

5.1 Stability improvement by HIAF haptic system 

In this experiment, the virtual wall is defined as a bilateral constraint [38], HIP inside the 
wall. The system was initially at vertical position. A pulse torque was applied with a flick 
of a hand at HIP to trigger motion so as to disturb the system stability. The larger the pulse 
magnitude, the higher the initial velocity. The magnitude of this pulse torque was kept 
small in such a way that the initial velocity remained slightly below ωmax at 2 rad/s.  

Once the system was initiated, it continued to respond without the presence of human 
operator. Ks was increased from 0 until instability occurred, and then Be was added at every 
0.5 N.m-s/rad. The procedure was repeated until Be reached 5 N.m-s/rad. The experiment 
started over again with fm added.  

5.1.1 Results and discussion 
 

 
Figure 5.1 Stability improvement by HIAF with fm = 0 

 
Figure 5.1 and Figure 5.2 show that the theoretical approximation of HIAF described by 
Expression (3.30) follows well the experimental data with an insignificant deviation. 
According to Figure 5.1, with fm = 0 N.m, Ks

 proportionally increases with the increasing β, 
and HIAF can expand the Ks from about 10 N.m/rad (309 N/m) to about 350 N.m/rad (10.8 
kN/m). During the experiment ωmax remained constant at about 2 rad/s; in addition, a slight 
variation of ωmax existed but was negligibly small and probably due to the inconsistency in 
triggering the system motion. 
 
According to Figure 5.2, with fm = 1 N.m, HIAF can further expand the Ks to about 430 
N.m/rad (13.3 kN/m). The theoretical approximation still follows well the experimental 
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data. Referring to Expression (3.30), at small value of β  the dominant effect on Ks is 
mostly owing to the second term containing σ. Once β grows larger than one, the dominant 
effect on Ks comes from the first term containing β , which is due to the quadratic function 
of β. However, during the experiment the variation of ωmax was noticeable and no longer 
constant. According to Expression (3.30), ωmax appears only in the second term. ωmax is not 
a controllable parameter, and it is a proportional function depending on σ and β (see also 
[32]). The variation of ωmax as an dependent variable of β can be approximated by an 
exponential function as shown in Figure 5.3. According to the figure, the line shows the 
exponentially fitted curve. In this work, as far as the stability improvement associated with 
the increase of impedance range is concerned, the variation of ωmax and its explicit relation 
to σ and β is not of interest and out of the scope. 
 
 

 
Figure 5.2 Stability improvement by HIAF with fm = 1 N.m 

 
 

 

Figure 5.3 The variation of ωmax 
 
During the experiment, immediately after being triggered by a pulse torque, the system 
velocity was at the highest value of ωmax and the energy generated by the motor was 
dissipated by MB at a slower rate than by DB. When the system velocity became much 
slower as the energy was being dissipated. At this moment, the energy was being 
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dissipated by MB at a much faster rate than by DB. The system started to alter from 
asymptotically to marginally stable, especially when the friction fm  increased nearly up to 
2 N.m or even higher. As a result, the angular position did not return to the initial condition 
at the vertical position, which its value was zero.  

This is due to the fact that the energy generated by the motor associated with Ks, which is 
simultaneously dissipated by MB associated with fm and by DB associated with Be, is fully 
depleted at a certain state, somewhere before the system can harmonically return to the 
initial state. At this point, the remaining potential energy of the motor associated with Ks at 
the last position still exists and exerts some force on the system; however, such a force is 
too little to overcome the friction force created by MB. Therefore, the motion dies down at 
that position, yielding the system to remain marginally stable. 
 

5.2 HIAF haptic system on virtual wall 

Figure 5.4 shows the initial setup of the experiment. This experiment has all the initial 
conditions of the system state variables set to zero. The system response is triggered by the 
direct input from a human operator as an external disturbance. For a real wall, the reaction 
between an operator and the wall occurs as a continuous phenomenon from approaching to 
touching the wall; however, for an analytical purpose of the virtual wall, the corresponding 
reaction can be thought of as two separated successive stages, wall-approaching and wall-
penetrating stages. This leads to two sets of the experiment numbers, denoted as "T" and 
"S", respectively. 

The first set, the "T" experiment numbers, is to deal with the overshoots of a step response 
by an applied force to the virtual wall during the wall-approaching stage. It consists of two 
consecutive states, the transient and the steady states, as common in a control system. 
During the experiment, the transient state happened due to the abruptly switching condition 
of a unilateral constraint [25] from zero input force to Fo, which involved temporary 
oscillations. Once the oscillations subsided, the system reached the steady state. Any 
further increase in the input force would not generally cause any more oscillations since 
the operator smoothly applied such a force based on the stability conditions proposed in 
section 3.3.  

The second set, the "S" experiment numbers, is involved with the impedance force that the 
system can generate in response to an increase of the operator input force during the wall- 
penetrating stage. This experiment was conducted immediately after the system had 
reached the steady state, i.e. oscillations already vanished. The initial position was moved 
onto the virtual wall surface before starting to collect the experimental data. 
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Figure 5.4 Initial setup of the experiment 

 

 
Figure 5.5 Schematic diagram of the virtual wall by HIAF haptic system 

 

 
Figure 5.6 Virtual wall simulation 

Figure 5.5 shows the schematic diagram of the virtual wall by HIAF haptic system as the 
presence of β and σ. According to the figure, the virtual wall is presented  by HIAF haptic 
system, where Fo ∝ To. The virtual wall is defined as a unilateral constraint [25], 
approaching the wall from space. Figure 5.6 shows the virtual wall simulation. According 
to the figure, HIP is initially able to move in a free motion zone before it reaches the 
virtual wall surface.  

 
Table 5.1 Selected parameter values of the virtual wall experiments 

Experiment No. T1 T2 T3 T4 T5 T6 S1 S2 S3 S4 S5 S6 
Ks (N.m/rad) 10 10 10 20 20 20 10 10 10 20 20 20 
Be (N.m-s/rad) - 0.5 2 - 0.5 2 - - - - - - 
fm (N.m) - - - - - - - 1.5 4 - 1.5 4 
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The first set of the experiments focused on the transient response improvement of the 
virtual wall by the added controllable damping. The percentage overshoot (PO) was 
examined. The second set of the experiments explored the impedance capability by the 
added controllable friction to the haptic system. HIP was set on the wall surface before an 
operator applied force to the system. The added damping was ignored because of the 
negligible effect at zero speed [40], [9]. The impedance force, proportional to To, was 
observed at the same penetration depth and compared. Each experiment number was run 
repeatedly ten times. The parameter values are listed in Table 5.1. 

5.2.1 Results and Discussion 
 

 
Figure 5.7 Responses of the selected output plots 

 

 
Figure 5.8 Responses as the box plots 

During the wall-approaching stage, the transient responses for the virtual wall are shown in 
the following figures. Figure 5.7 shows the responses of the selected output plots in time 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

0.2

0.4

0.6

θ 
(ra

d)

T1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

0.2

0.4

0.6

θ 
(ra

d)

T2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

0.2

0.4

0.6

Time (s)

θ 
(ra

d)

T3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

0.2

0.4

0.6

θ 
(ra

d)

T4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

0.2

0.4

0.6
θ 

(ra
d)

T5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

0.2

0.4

0.6

Time (s)

θ 
(ra

d)

T6

0

10

20

30

40

Experiment No.

P
.O

. (
%

)

T1 T2 T3 T4 T5 T6



 61 

domain, and Figure 5.8 shows the responses as the box plots of the percentage overshoots 
of outputs. According to Figure 5.8, the red line in each box represents the median of the 
data. The borders of the box represent the 25th and 75th percentiles, the whiskers extend to 
the outermost data points not considered outliers. For the transient responses, with 
increasing Be, PO decreases from 24% to 8% at Ks = 10 N.m/rad and from 30% to 15% at 
Ks = 20 N.m/rad. Further increasing of Be can make PO even smaller and eventually 
vanish; however, the response would be too slow for a practical haptic application [82]. 
During the experiment, the dynamic response of the transient state caused some difficulty 
to maintain the result consistency, as indicated by the larger length of the box.  
 

 
Figure 5.9 Responses of the selected output plots 

 

 
Figure 5.10 Responses as box plots 

During the wall-penetrating stage, the responses for the virtual wall are shown in the 
following figures. Figure 5.9 shows the responses of the selected output plots in time 
domain, and Figure 5.10 shows the responses as the box plots of the impedance. According 
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to Figure 5.10, To increases with increasing fm and increases further with larger Ks. 
Comparing the experiment S1 to S3, HIAF haptic system can increase To from 3 N.m to 7 
N.m at Ks = 10 N.m/rad and comparing the experiment S4 to S6, the system can increase 
To from 6 N.m to 10 N.m at Ks = 20 N.m/rad. From the figure, the length of the box is 
short, indicating high consistency of the results. 

 
 

 
Figure 5.11 DFT of the output torque signals with motor and MB 

 
 

 
Figure 5.12 DFT of the output torque signals with motor and DB 

Moreover, during the wall- penetrating stage, the response shows less vibration when the 
motor and DB were used than when the motor and MB were. This can be seen by applying 
the Discrete Fourier Transformation (DFT) on the output torque signals. At Ks = 10 
N.m/rad, Be = 0.5 N.m-s/rad, and fm = 1 N, the DFT of the output torque signals are shown 
in the following figures. Figure 5.11 shows the results when the motor and MB are 
coupled, and in Figure 5.12 shows the results when the motor and DB are coupled. 
According to Figure 5.12, it can be seen that all of the frequency components of the output 
torque signals are significantly attenuated due to the damping effects of the DB, which in 
this case serves as a vibration absorber for the system. 
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Figure 5.13 Penetration depth of the virtual wall with motor and MB 

 

 
Figure 5.14 Penetration depth of the virtual wall with motor and DB 

Figure 5.13 shows the penetration depth of the virtual wall, when the motor and MB are 
coupled, and Figure 5.14 shows the penetration depth of the virtual wall, when the motor 
and DB are coupled. Comparing the two figures, when the penetration depth is considered 
using the motor and MB, the response reaches a stable limit about 15 deg  after 0.5 s. Any 
further increase of the input force cause no more penetration depth as long as the input 
force magnitude beyond the motor maximum force stay below the additional impeding 
force generated by MB. On the other hand, with the motor and DB the response keeps 
rising with the increasing input force until the motor torque has saturated at its maximum 
value. At this point the motor can generate no more torque and the corresponding impeding 
force, so any further increase of the input force cause the rising penetration depth to grow 
unbounded. This is because the additional impeding force generated by DB has negligible 
effect on the system due to the normal operation of DB at the very low speed. In this case 
DB provides neither any advantages over a conventional haptic system nor the ability to 
extend an impedance range. 
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However, when HIAF haptic system is employed, both the DFT and the penetration depth 
responses become minimized and remained stable. Figure 5.15 shows The DFT analysis of 
the output torque signals by HIAF, and Figure 5.16 shows the corresponding penetration 
depth of the virtual wall. The parameter used in Figure 5.15 and Figure 5.16 are Ks = 10 
N.m/rad, Be = 0.5 N.m-s/rad, fm = 1 N.m. 
 

 
Figure 5.15 DFT analysis of the output torque signals by HIAF 

 

 
Figure 5.16 Penetration depth for the virtual wall by HIAF 
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CHAPTER 6 

CONCLUSION AND RECOMMENDATIONS 

6.1 Conclusion 

In this dissertation a new concept for a haptic system has been developed to improve the 
impedance rendering of a haptic simulation of a virtual wall while maintaining the stability 
of the haptic system. The new haptic system mainly consists of three parts, a haptic device, 
hardware interfaces, and a virtual environment. As derived in chapter 3, the concept of 
high impedance actuator fusion (HIAF) was proposed to create a prototype of a 1-DOF 
joystick-like haptic device using multiple actuating devices of different kinds. The 
prototype of the haptic device consists of a motor, a damping brake (DB), and a magnetic 
brake (MB), which employs simple impedance control techniques to improve stability and 
performance of the haptic system.  As shown in chapter 4, the hardware in the loop (HIL) 
framework was utilized in the control system, and the built-in Virtual Reality Modeling 
Language (VRML) format in MATLAB was used for creating the virtual wall. A point-
based haptic interaction with the proxy concept was used as for rendering a virtual force 
from the virtual wall penetration. A new stability condition was defined, and some 
theoretical predictions by various models were compared to simulation results and 
experiments, as illustrated in section 3.3. All of the measurements were taken through the 
IO interface panel, as explained in section 3.5.2. It consists of DAQ and the terminals, 
directly connected to a rotary incremental encoder to measure the angular position of the 
system and a bending beam load cell to measure the resulting sum of torques. 

The experimental results as given in chapter 5 showed that DB and MB can successfully 
expand the stability limit, and the haptic system can increase the stable virtual stiffness of 
the virtual wall over 40 times, compared to a single motor, referred to section 5.1.1. HIAF 
haptic system can also reduce the overshoots over 15% and extend the impedance range 
over 40 % of the full capacity of the brakes. In fact, the impedance range can be extended 
even further to 100% of the full capacity. Compared to the previous work [4], [18], [25], 
this is usually not attainable with a haptic system using merely active actuating devices. 
The impedance range of such system is limited by the inherent damping, which is very 
small. Referred to section 5.2.1, HIAF haptic system can also help minimize the vibration 
and the penetration of the virtual wall. This could be very useful in such applications as 
minimally invasive surgery, computer-assisted surgery, and any other kinds of medical 
operations.  

Moreover, some of the other advantages of this concept over a conventional haptic system 
are that the direct manipulation of some system variables is possible, that virtual forces can 
be independently rendered by the suitable types of actuators, and that a variety of virtual 
environment can be created during the haptic simulation based on the individual virtual 
forces and their combination. 

6.2 Recommendations 

In this dissertation, the haptic handle is simply assembled from a BBLC and other linking 
components. This is somewhat weighty and brings about a considerable inertia effect.  It is 
one of the major causes of a delay to the system response. For this situation, one may 
better use a hollow tube as a haptic handle separated from a sensor. This yields a lighter 
structure of the haptic handle and can reduce the inertia effect. A more compact rotary 
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force sensor can be employed and directly connected on the rotating system shaft, which 
further reduce the inertia effect due to its geometry, centering the weight at the rotating 
axis. These can help to minimize the delay and obtain a faster system response. It would 
also be interesting to study the joint effects of the two brakes on the transient and steady 
state responses. In most of the haptic control systems, it is assumed that the mechanical 
connections among all the devices are seamlessly joined with perfect alignments, which 
may be difficult to obtained. After a long period of runtime, the alignments could be 
deteriorated and barely remain perfect, so the joint effects could play a more significant 
role to the system performance.  

Moreover, a 1-DOF system with simple mechanism is used for the analysis of the concept. 
The haptic applications available for such a system is very limited. One may further 
develop a haptic system with higher DOFs based on the similar concept. The system can be 
applied to more practical situations, e.g. medical training and a computer assisted surgery, 
etc. This kind of system would require more complex mechanisms as well as high quality 
of the hardware. 
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