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Symbols and subscripts in this thesis 

Symbol list 

Symbol Unit Meaning 

B  Ns/mm Damping parameter 

C  – Haptic sensation index 

F  N Force 

scF  – 
Amplification scaling between the interaction and feedback 

forces  

JND – Just noticeable difference to a reference haptic sensation 

pK  N/mm 
Virtual stiffness parameter between the master and slave 

devices 

vK  Ns/mm 
Virtual damper parameter between the master and slave 

devices 

LT – Lower threshold to a reference haptic sensation 

M 3kg 10  Inertia 

P  % The predicted proportion of the indistinguishable answers  

scP  – 
Amplification scaling between the master and slave device 

positions 

cR  – 
The necessary change ratio to a C  value to produce a just 

noticeable different haptic sensation 

s – Laplace operator 

r  mm Position 

UT – Upper threshold to a reference haptic sensation 

V  mm/s Velocity 

  – 
The ratio between C  values in the ideal and real control 

models 

  – Normal distribution variance 
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Subscript list 

Subscript Meaning 

a After the slave device contacts with the environment 

b Before the slave device contacts with the environment 

en The operational environment 

h Operator’s Limb (hand) 

hm Combination property of operator’s hand and the master device 

hen Combination property of operator’s hand and operational environment 

ideal The ideal position-force bilateral control architecture 

JND Just noticeable difference 

LT Lower threshold 

m The master device 

ref The reference  

s The slave device 

UT Upper threshold 
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Chapter 1 Introduction 

Introduction 

In recent decades, the programmed robots can perform tasks more and more quickly 

and precisely because of the technical advances, and their automation and self-adaptation 

degree have become significant criterions of performances. Nonetheless, it is still difficult 

for them to handle sophisticated tasks that involve unpredictable situations. Hence, 

applications of programmed robot are mainly in repetitive tasks such as production 

processes, where the robots can run repetitive production cycles much faster than human. 

On the contrary, it is difficult to establish models for the operation beforehand in cases 

where the tasks are non-repetitive. The artificial intelligence has been developed 

remarkably but it still cannot cope with most of the non-repetitive tasks, so a human 

operator is still needed to carry out the tasks.  

However, these types of tasks are usually accompanied with inaccessible or hostile 

environment to the human operator, which precludes the operator to use his/her hands 

with tools directly. Thus, the operator has to stay in a friendly place and handle the object 

through a manipulator, in such cases a master-slave system will be particularly helpful, 

by which the human operator can stay in a friendly space, operating the master device; 

the slave device reproduces the human operator’s motion in the hazardous environment. 

The masters-slave systems allow an operator to impose operation on the objects in an 

inaccessible environment. 
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1.1 Applications of the master-slave devices 

1.1.1 Applications in hostile environment 

The master-slave devices are first be invented and used in the nuclear industry. After 

knowing the dangers of radiation, the researchers realized that radioactive substance must 

be handled after a certain protection. For this requirement, a research team led by Ray 

Goertz at Argonne National Laboratory, USA, developed the first mater-slave system 

known today [1]. It was a mechanical master-slave manipulator, wherein cables and 

chains are used to transmit the motion between the master and the slave sides. The first 

master-slave manipulator was named “model M1” (Fig. 1.1), in which an original 

mechanical method was adopted to make the slave side reproduce the movement 

(elevation and rotation) at the master side. 

Nowadays, the nuclear industry has become a large application field of the master-

slave systems, many innovative master-slave systems have been developed. The state of 

art of master-slave systems used in the nuclear industry as the author knows is the model 

“TERMAN TAO” (Fig. 1.2) by GETINGE Co., which can reproduce dexterous and 

accurate motions input by an operator with a large motion scope (up to 4010 mm) and 

force output (Maximum load capacity 20kg). 

1.1.2 Applications in inaccessible places 

Master-slave systems allow the operator to complete a task in places where it is difficult 

to access, such as deep sea and the outer space. Nowadays, the underwater vehicles with 

a telemanipulator, manned or unmanned, are widely used in rescue, exploration, etc.  

The outer space is a more difficult place for human to access comparing to the 

underwater. To replace the human astronauts for the extremely critical tasks that 

spacewalk is necessary, NASA’s Johnson Space Center developed the humanoid 

Robonaut that can reproduce the motion of human by tele-operating (Fig. 1.3). The 

Robonaut has been on board the ISS since 2012, but is still in the experimental stage.  
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Fig. 1.1 The first master-slave manipulator “model M1” [1]. 

 

 

 

 

Fig. 1.2 “TERMAN TAO”, a master-slave system widely used in nuclear industries around 

the world [2]. 
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Fig. 1.3 Robonaut (left) and its remote control module (right) [3] 

  A predictable future application of the master-slave system in outer space will be the 

Mars exploration, some experts stand for that leaving the human astronaut stay in the 

Mars-orbit and tele-operating a robot is much more reasonable, simpler and safer than 

directly landing a human astronaut on the Mars surface. [4] 

1.1.3 Application in the micro and medical cases 

   Another advantage of using the master-slave system is that the slave device can 

reproduce the motion of the operator in a space that much smaller than human finger’s 

motion scale with an accuracy beyond human. Therefore, the applications of the master-

slave system in the micrometer or sub micrometer process operation, such as MEMS, cell 

engineering, chromosome cutting, etc., are still noteworthy. For example, the Harbin 

Institute of Technology built a tele-nanomanipulation platform that can move a wire 

consist of single ZnO molecules (Fig. 1.4). In the field of nanotechnology, Ni et al. used 

the master-slave system to operate an optical tweezer on a Nano-stage [6]. 

Nowadays, the most profitable application field of master-slave systems is the medical 

field. As the fast development of minimally invasive surgery, laparoscopic surgery has 

become popular since 1990 because of its benefits including less pain, shorter recovery 

time, smaller trauma, etc. [7]. 
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Fig. 1.4 The tele-nanomanipulation platform (left) and the appearance of moving a wire that 

consists of single ZnO molecules (right) [5]. 

  As the development of computer and VR technology, scientists began to realize that 

the master-slave telemanipulator can be used in laparoscopic surgery, and many 

prototypes or products were developed. For example, Intuitive Surgical Co. released the 

master-slave surgery assistant robot Da Vinci in 1997 and got the FDA certification in 

2001, now it has become the most widely-used surgery assistant robot in the world (Fig. 

1.6 is the appearance of the latest version) [8]. Blake Hannaford et al. from University of 

Washington, developed the RAVEN surgical robot [9], it is an open-architecture surgical 

robot for laparoscopic surgery research now. Tadano and Kawashima group developed 

the IBIS series surgical manipulator, which is actuated by pneumatic cylinders, this 

innovative structure makes the end effector of the robot be able to measure the interaction 

force to environment without force sensor [10].  

 

   

Fig. 1.6 The Da Vinci surgery assistant robot [11] 
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Fig. 1.5 The IBIS 4 surgical manipulator [12] 

Using the robot-assisted surgery shows the following benefits: first, the surgeon’s 

motion can be scaled down to enhance the operation accuracy, second, the robot provides 

much higher dexterity than traditional manually endoscopic instruments, third, master-

slave formation enables surgeons to train students or assist other surgeons without 

traveling long distances. 

1.2 Haptic feedback in master-slave systems 

1.2.1 Benefits of haptic feedback 

The operator’s hand cannot touch the object directly when operating the master-slave 

system. Hence it is natural that the operator hopes the operational sensation to be the same 

as that of direct handling. Human’s hands are dexterous due to the multi-DOF finger 

structure and sensitive haptic perceptions. During using the master-slave system, the 

fingers are used to hold the master device, so an effective way for providing the operator 

a real object handling sensation is to generate a haptic perceptions by haptic feedback.  

The benefits of haptic feedback in master-slave system operation has been 

demonstrated in many studies [13] – [16]. From conclusions of these studies, the benefits 

of haptic feedback can be classified into the following three types: lessoning operation 

miss, enhancing efficiency and reducing the cognitive workload [17], [18]. Especially, in 

robot-assisted surgery, providing haptic feedback would contribute significantly to the 



 

Chapter 1 Introduction 

 

7 

 

performance; for example, the excessive suture breakage during knot tying can be reduced 

when performing suture manipulations with robot-assisted surgical systems with the help 

of haptic feedback [19]. Semere et al. confirmed that force feedback can lead to 

significant improvement on teleoperation compared to the cases without force feedback 

[20].  

1.2.2 Methods of providing haptic feedback 

Methods of haptic feedback in master-slave system can be classified into the following 

three types: sensory substitution, virtual fixture and direct force feedback. Sensory 

substitution aims to substitute haptic feedback with visual, auditory, or vibration cues. 

For example, Miyazaki et al. used the color change on the display to tell the operator the 

magnitude of contact force [21]. Meli et al. mounted the finger skin deformation devices 

on an operator’s fingertips. The finger skin deformation device generates a haptic 

perception by changing the skin curve of operator fingertip when the slave side contacts 

the object [22]. Sensory substitution method can keep the system stable with the 

communication time delay; however, the performance promotion is inferior to direct force 

feedback. 

Virtual fixture aims to providing auxiliary control instruction to the devices, such as 

guiding the end-effector along desired paths in the workspace (guidance virtual fixtures) 

or preventing the end-effector from entering undesired regions (forbidden-region virtual 

fixtures) [23]. Boessenkool et al. proposed a modified version of virtual fixture called 

“haptic shared control”, by which the operator can resist the assistant forces if he does 

not agree with the system’s guidance [23] [25]. However, extra sensors that can measures 

the real relative location between the slave robot and the environment is needed, making 

the device structure complicated. And this method doesn’t focus on the sensation of 

interacting with environments. 

  Direct force feedback is the most widely-used method. By indicating the amount of 

interaction force, the operator can feel as if he/she was handing the object directly. This 

is the most intuitive method for the operators and can thus improve the performance better 



 

Chapter 1 Introduction 

 

8 

 

than the other two methods [26]. This research only focuses on the direct force feedback 

method.  

Fig. 1.7 is an exemplary method of realizing the direct force feedback. It works as the 

following mechanism. 

The master and slave devices themselves are respectively controlled by their own 

controllers. But the control instructions are not independent, for the forward direction 

(from the master side to the slave side), a force input from the operator moves the master 

device, the movement information of the master device is transmitted to the slave device 

through a position scaling (for micro operation: scaleP  < 1; for augment operation: scaleP  

> 1) and a virtual impedance coupling (often considering as a parallel connection of a 

virtual damper vK  and a virtual spring pK ). The slave devices uses the transmitted 

information as a moving instruction to its controller, following the motion of the master 

device generated by the operator.  

For the back direction (from the slave side to the master side), if no additional force is 

applied to the slave device, no force is fed back to the master side; the master device 

solely moves by the operator’s input force. If an additional force such as the interaction 

force when contacting the object is applied to the slave device, the interaction force is 

transmitted back to the master side through a force scaling ( scaleF ), generating a change 

in the master’s original motion, which allows the operator to percept the interaction force. 

Meanwhile, the change in motion of the master device also affects the motion of the slave 

device through the forward direction.  

The above analysis shows that inputting force at any side of the master-slave system 

can lead to a change in the motion situation at both of the two sides. Hence, this method 

is called “Bilateral Control” [27] (The word “Bilateral” is a compound word meaning 

“two directions”).  
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Fig. 1.7 An exemplary model of a master slave system with direct force feedback function 

Moreover, from the operator standpoint, his/her force is the input source; the devices 

motion is the output. The effect of other factors in Fig. 1.7 can be considered as an 

impedance appeared to the operator relating his/her input and the output. Similarly, from 

the object standpoint, the interaction force is the input source; the devices motion is the 

output. The effect of other factors can be considered as an impedance appeared to the 

object. 

Adjusting these “apparent impedance” generates various types of devices motion 

(output). Obviously the apparent impedance is determined by the parameters ( vK , pK , 

scP , scF , etc.) Hence the method of adjusting system parameters to generate a desirable 

“apparent impedance” is called “Impedance-adjusting bilateral control”, wherein the 

parameter adjustment is called “Parameter design”.  

1.3 Parameters design in bilateral control 

1.3.1 Objectives of parameters design 

Although the operator can actively change his/her input to generate a desirable device 
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motion according to the task requirements, it may result in some unwanted effects upon 

the operator. For example, the operator must be extremely cautious to prevent the force 

applied to a vulnerable object from exceeding a broken threshold, in such cases the 

operator is liable to be impatient, and having the operator restrain his/her hand vibration 

actively is easy to make him fatigue. An operator expects to input his/her motion within 

a routine range.  

As mentioned above, the system parameter design can generate different impedance 

between the operator input and the system output, leading to a different device motion 

even the operator input is unchanged. So system parameter design is often used for 

satisfying the requirements of different tasks.  

For example, if the operator input is unchanged, an impact into the environment with 

the system with low virtual impedance coupling vK  and pK  is obviously lower than 

that appeared with high vK  and pK  values. Thus reducing the vK  and pK

parameters between the master and slave devices is a common method to reduce the 

impact into the environment. Moreover, method of adding load is often used to stabilize 

something, thus increasing the damping parameter of the master device mB  is a 

common method to decrease hand vibration [28].  

The objectives of system parameter design in the above examples are for the task 

requirements. Moreover, the human factors in operation should also be considered. From 

the standpoint of the operator, a direct benefit of providing the force feedback is allowing 

him to “feel” the interaction between the slave device and the environment. In many 

aspects of “feeling”, “how easily an operator can detect the contact occurrence” is 

important because an adequate perception of contact is crucial to determine spatial 

position and orientation of object [29]. This study concentrates on this human factor, 

which is called “Haptic Sensation” in this thesis.  

When a human operator is performing a task via a bilateral controlled manipulator, the 

“feel” of the task is determined by the impedance appeared to him [30], which is affected 

by the system parameter design. So the “Haptic Sensation” is also affected by the system 
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parameter design. 

  Obviously, an impropriate system parameter design results in an unexpected degrading 

in the operator’s haptic sensation, weakening the benefits of force feedback function. 

Taking the two parameters design examples described above for instance, increasing the 

master damping parameter mB  generates a larger moving resistance. Thus an 

exceedingly larger moving resistance from a large mB  makes the operator feel as if 

groping in a sticky fluid, masking some delicate forces arising from the interaction with 

the object, making it difficult for the operator to sense a delicate contact [31], [21]. And 

setting the virtual impedance coupling vK  and pK  too low reduces the interaction 

force information fed back to the master side, such that it is also difficult for the operator 

to detect the contact. 

  From the above examples, designing one type of parameter results in trade-off effects 

on the task requirement and the operator’s haptic sensation. The system parameter design 

requires considerations to both the task requirements and the operator’s haptic sensation. 

Specifically, when designing parameters for the task requirements, the designer should 

check how it affects the haptic sensation after adjustment; if the haptic sensation decreases, 

the designer should recover it by additionally adjusting other parameters.  

1.3.2 A review of works about parameters design for a bilateral control system 

The conclusion in Section 1.3.1 indicates that the system parameters should be 

designed with considerations to both the task requirements and the operator’s haptic 

sensation. Many related works have studied about the parameter design, these works can 

be classified by two topics: regarding to the system performance (task requirements) and 

regarding to the human factors. Here is a brief review on these works. 

For the works regarding to the relationship between the parameters for the system 

performance, many works focused on the effect of parameter adjustment to the stability 

factor because the stability is the most critical factor of performance for a control system. 

As to the effect of specific parameters to the system stability, [32] – [34] studied the 
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effect of time-delay; [35] studied the effect of velocity and feedback force scaling: scaleP

and scaleF ; [36] studied the effect of virtual damping. Christiansson et al. studied the 

effect of slave device stiffness [37]. 

With regard to the concept of apparent impedance, because the motion of a bilateral 

control system is analogous to the voltage and current signals in an electrical network; 

the system parameters affects the system performance in the same manner as the circuit 

element parameters affects the voltage and current signals [38]. Therefore, many works 

used the methods with the 2-port electrical networks theory to analyze stability of the 

mechanical bilateral control system. In [38], Raju proposed a parameter design criterion 

that guarantees the positive realness of the apparent impedance matrix to keep the system 

stable. Similar to the impedance matrix. Hannaford used a hybrid matrix (a transformation 

of apparent impedance matrix) to check the system stability [39]. The authors in [30], 

[40] and [41] transferred the stability problem to keeping the passivity of scattering matrix 

of the system (another transformation of apparent impedance matrix) because the 

“System Passivity” is a useful tool to analyze the system stability and is affected by 

system parameters.  

In addition to the stability, force and velocity at the input and output sides are also 

important factors of the system performance for a bilateral control system. Raju proposed 

a method that adjusts the system parameters that form the impedance matrix to generate 

a desirable output [42]. Hannaford proposed a guideline adjusting the system parameters 

to make the impedance of the slave side equals that of the master side [43]. Bobgan 

presented a method that guarantees the specific system behavior by designing the hybrid 

matrix elements [44]. Hansen et al. proposed a parameter estimation technique to reduce 

the unnecessary forces applied by the surgeon [45]. 

As to the control architecture optimization, Landi et al., studied how to adjust the inertia 

and damping to make the system stable [46]; Peer et al. used the parameter space approach 

to analyze the stability of different types of bilateral control algorithms [47]; Morimitsu 

et al. focused on designing the parameters in the position and force controllers to eliminate 

the unstable effects from the time-delay [48]; Ranatunga et al. developed a new inner-
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loop/outer-loop robot controller formulation wherein the system parameters can be tuned 

automatically to keep the system stable [49]. 

The studies introduced above provided many effective methods for the system 

parameters design with consideration to the task requirements. However, they do not have 

a perspective of the human factors. As for the human factors, “Transparency” is an 

important indicator that correlates the system parameter design and the human factors. 

Fig.1.8 is the concept of a transparent system. Different from Fig. 1.7, no master and slave 

devices dynamics appears to the operator, indicating that the velocity input from the 

operator equals the velocity output of the slave device, and the force transmitted back to 

the operator equals the interaction force occurred between the slave device and the 

environment, such that the operator feel as if he/she is handling the environment directly 

by his/her hand.  

The response of a transparent system is defined as an ideal system response in [27], 

since that, many works studied how to realize a transparent system by adjusting the 

system parameters [50] – [55]. These works are classified as transparency based method 

[56]. 

 

Fig. 1.8 The concept model of a transparent master slave system 

  However, the transparency based method has some limitations, first, a transparent 

system is not always ideal to the operator, for example, sometime an extreme large 

excitation signal from the environment is not expected [21], [57]; or the feeling that 

transmitted back to the operator by a transparent system is very weak when the 
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environment is very soft. Therefore, a certain level appeared impedance to the operator, 

rather than absolute transparency, can enhance the operational performance [58], [59]. In 

such cases the system transparency is often sacrificed for a desirable haptic sensation.  

  Moreover, the true magnitude of sensation felt by the operator is still unknown in any 

extent of system transparency (an absolute transparent system is unachievable) [50]. 

Hence other works focused on the relationship between system parameters and the 

operator’s sensation. Rosenberg et al. measured the subjective hardness or crispness 

ranking felt by the subject by adjusting the environment stiffness and damper [60]; 

Christiansson et al. studied the operator’s ability of discriminating the object size with 

different system stiffness and damper [61]; Gersem et al. studied how to enhance the 

operator’ ability of discriminating a difference in environment stiffness by optimizing the 

controller [62]; Nisky el al, studied the operator’s estimation of the object stiffness with 

time-delay [63]; Yamagawa et al. studied the difference threshold of a time-variant force 

with different feedback scaling gains [64]; Kouris et al. found that increasing the device 

damper and inertia increases the operational difficulty [65].  

These works confirmed that the human factors are indeed affected by system 

parameters, but they did not clarify the quantitative relationships between the human 

factors and the system parameters; and none focused on the haptic sensation factor: how 

easily an operator can detect the contact occurred between the slave and the environment.  

  In a word, the existed works do not provide an effective guideline for the system 

parameters design with consideration to the operator’s haptic sensation. This situation 

results that a system designer can only rely on an unfounded method: trial and error 

method when designing the system parameters to for the operator’s haptic sensation in 

real applications of the master-slave systems.  

1.4 Research objective 

Therefore, this study aims to build a new guideline for system parameter design with 

consideration to the operator’s haptic sensation. In detail, the system designer expects to 

know the extent to which the operator’s haptic sensation will change after the system 
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parameters are altered; or the limit value the system designer can set a parameter to if 

he/she wants to hold the haptic sensation unchanged; or the value to which another 

alternative parameter should be set to restore the haptic sensation when some parameters 

are inevitably set beyond the limit.  

The parameter designer’s expectation can be realized only if he/she knows the 

quantitative relationship between the parameters and the operator’s haptic sensation. The 

most intuitive and convenient quantitative relationship is that represented as a 

mathematical function, from which the haptic sensation can be directly calculated from 

the parameters (parameters values are the independent variables and the haptic sensation 

is the dependent variable).  

Just like calculating kinetic energy directly from velocity and calculating the electric 

power directly from current, the dependent variables at the left side are quantities with 

numerical values. Therefore, the dependent variable of the objective function in this study, 

namely, haptic sensation, should be quantified.  

Therefore, an index that quantifies the operator’s haptic sensation by its value is first 

proposed. Next, by clarifying the mathematical relationship between the index value and 

the system parameters, the following function is derived. 

 v p m sc scIndex value f K ,K ,B ,F ,P                (1.1) 

By using function (1.1), the index value can be directly calculated from the parameter 

values. If a parameter value at the right side is changed, the effect on operator’s sensation 

can be directly known from the change in the index value. Moreover, by setting the 

desired haptic sensation as a fixed index value at the left, the reasonable system parameter 

values can be easily calculated back. In one word, the system parameter design will 

become well-founded and the trial and error method is no more needed. Findings of this 

research can be used as guidelines for system parameter design.  

 

 



 

Chapter 1 Introduction 

 

16 

 

 

Fig. 1.9 Schematic configuration of this study 

1.5 Thesis constitution 

As Fig. 1.9 shows, this thesis is constituted from five parts. The current chapter is the 

introduction, where the research background and the objective are mentioned. 

The operator’s haptic sensation is an abstract concept which is difficult to correlate to 

the physics parameters. However, the haptic sensation is affected by the motion of the 

master device which is easily correlated to the parameters. So in Chapter 2, an index 

whose value is calculated from the device motion factors is proposed. Then correctness 

of the index to represent the haptic sensation by its value is also confirmed in Chapter 2. 

(See the orange part in Fig. 1.10.) 

In Chapter 3, the mechanism that system parameters affect the device motion factors 

is clarified. Then implementing the mechanism into the index definition, the 

mathematical relationship between parameters and the proposed index is obtained. (See 

the pink part in Fig. 1.10.)  

Chapter 4 introduces some application cases using the results obtained in the previous 
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two chapters to design system parameters for a desirable haptic sensation. The application 

cases in this chapter shows that the operator’s haptic sensation and the parameters can be 

connected correctly through the proposed index. (See the blue part in Fig. 1.10.) 

Chapter 5 summarizes the abovementioned contents; moreover, suggests some topics 

to be done in the future. 

On the basis of the results in Chapters 2 and 3, the operator’s haptic sensation and the 

system parameters are connected by the proposed index. Therefore, Chapter 4 introduces 

several exemplary application cases where the desirable operator’s haptic sensation is 

obtained by just adjusting system parameters. (See the blue part in Fig. 1.10).  

 
Fig. 1.10 Schematic configuration of this study 
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Chapter 2ndex of operator’s haptic sensation 

An index of operator’s haptic sensation 

In this chapter, an index is proposed to quantify the haptic sensation felt by the operator 

when the slave device is in contact with the environment. As introduced in 1.3.1, haptic 

sensation means how easily an operator can sense the contact between slave device and 

the environment.  

Regarding to human’s perceptual capability sensation about the system properties or 

motion factors, Cholewiak et al. studied the operator’s sensation of stiffness and force 

[66]; Klatzky et al. studied the perception discrimination of force and torque [67], but 

they didn’t quantify the perceptual capabilities. 

Song el al. quantified the sensation of resistance force generated from the device 

damping during moving the device [68], but the research object is not sensation for a 

contact. Lawrence et al. proposed the index known as “Rate-hardness” to quantify the 

operator’s perception of the hardness of objects in using haptic interfaces, when the 

contact between the slave device and the environment happens [69], however, if objects 

in the target environment are fragile like soft tissue in surgical applications, how easily 

an operator can sense the contact between the slave device and the environment, is more 

important than the perception of environment property. These works cannot be used in 

system parameters design. 

Son et al. proposed a perceptual index to quantify the detection and discrimination 

abilities [56], [70]; however, when applying this index in system parameter adjustment, 

a specialized knowledge of control theory is required, making the perceptual index 

impractical to use in parameter adjustment in the field, and the parameter optimization 

must be done before the system is deployed. 



 

Chapter 2 An index of operator’s haptic sensation 

 

 

19 

 

The limitation of the other works and the main objective of this study (clarify the 

relationship between the haptic sensation and the system parameters) show that, the new 

index is expected to easily related to the system parameters. As the system and the 

environment parameters directly affects the device’s motion, which affects the operator’s 

sensation, thus the new index proposal begins at the mechanism by which the operator 

detects the contact during operating a master-slave system.  

2.1 Haptic mechanism during operation 

When the slave device contacts the environment, the motion of both the master and 

slave devices will change due to the bilateral control. During operation of the master–

slave system, the operator's fingers are always clinging to the master device, thus the 

dynamic factor of the master device will provide the stimuli that generate haptic sensation. 

Undoubtedly, the master device dynamic factor is easily correlated to the system 

parameters, thus the relationship between stimuli intensity (determines the haptic 

sensations) and the system parameters can be derived by first quantifying the stimuli 

intensity by the dynamic factors of the master device.  

Based on the intensity of the feedback, different modalities of haptic sensations are 

used. If the feedback is weak, contact is sensed by cutaneous sensation. The cutaneous 

receptors under the finger pads work for such sensations. Tan et al. studied the detection 

and discrimination ability for finger-pad and claimed that the firing rate of these receptors 

is a function of the mechanical work exchange in a cutaneous interaction [71]. The firing 

rate of cutaneous receptors (FA and SA receptors) are functions of the skin curvature’s 

changing speed [72].  

If the feedback is intense, kinesthetic sensations from changes in the operator’s wrist  

and arm positions will dominate the sensing of contact. From the review literature on 

kinesthetic sensation [73] and a study of the kinesthetic sensation in haptic feedback 

generated by a motor [74], [75], kinesthetic sensation are believed to be sensed by the 

primary spindle receptors in the arm muscles. The acceleration and velocity of the arm 

and wrist joints are coded by the primary spindle receptors to generate a sensation of 
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contact. 

Unlike the visual and olfactory stimuli, for which people can easily distinguish a 

difference in modality, the border between cutaneous and kinesthetic sensations is unclear 

to a subject. Studies have testified that a combination of kinesthetic and cutaneous 

feedback improves teleoperator performance over the performance possible with 

cutaneous feedback alone [76]. Haptic-feedback devices are therefore usually designed 

to combine these two types of sensations [77]. 

As a dynamic factor of the master-slave system that tracks the operator’s haptic 

sensation, that factor should be existed in both cutaneous and kinesthetic sensing. Based 

on the analysis above, the change extent on master device velocity before and after contact 

is hypothesized effectively match with the stimuli that provide the operator with a contact 

sensation.  

Although the individual variance with different operator and time makes it impossible 

to indicate the accurate sensation level for a given operator or every contact, the stimuli 

intensity can indicate the degree of a haptic sensation at an average and general level.  

2.2 Definition of the index 

The index is defined from the stimuli intensity, which uses the dynamic factor of master 

device velocities before and after contact. So the index proposed here is call as Dynamic 

Contrast (abbreviation: C ). 

Fig. 2.1 plots some examples of the master device’s velocity profile before and after 

contact. If there is no velocity change in the master device after the contact with the 

environment, the operator will have no sensation about the contact; if the velocity of the 

master device drops smoothly after contact, the operator will be difficult to sense the 

contact; if the velocity of the master device reduces suddenly, it will be very easy for the 

operator to sense the contact.  
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Fig. 2.1. Examples of master device velocity profiles. The sharpness in the change in velocity 

is hypothesized to be functionally related to the operator’s haptic sensation 

Therefore, the ratio of master-device velocity before and after contact is chosen as the 

dynamic factor that determines the stimuli of operator’s haptic sensation. Thus the 

proposed index is defined as:  

a b a

b b

V V V
C =

V V


 1                                (2.1) 

In function (2.1), aV  and bV  are the velocities of the master device before and after 

contact, respectively. In function (2.1), the average master velocities over the 50 ms after 

contact are used to calculated C  value. This is supported by several considerations. First, 

the master velocity used in this calculation is not expected to be affected by the active 

muscle motion of the operator. According to [13], the time duration should be set to 30 

ms to preclude volitional control; second, if the feedback is weak, the feedback can be 

looked upon as a vibration at low frequency. According to mechanism of a tactile 

sensation, the sensation of low-frequency vibration is generated by the FA1 receptor 

(Meissner corpuscles), temporal resolution of which ranges from 15 ms–50 ms [78]. If 
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the feedback is relatively intense, kinesthetic sensation dominates haptic sensation, of 

which the temporal resolution has been measured in the range 17 ms–35 ms [79].  

Therefore, the first sensation magnitude of the contact by which the operator detects 

the contact is determined by the change level of the master device from the contact 

moment to 20 ms–30 ms after. The average velocity over 50 ms after contact is used to 

represent the change level from the contact moment to 20 ms–30 ms after.  

According to function (2.1), the index value has no dimensions. If the master device’s 

velocity does not change, no contact sensation is generated ( 0C  ); if the master device 

after contact comes to a full stop within a temporal resolution time, the operator’s will be 

very easy to detect it ( 1C  ). The index value lies within the range [0, 1]. 

2.3 Characterization of the haptic sensation index 

In this section, characteristics of the proposed index are studied, including its stability 

to different operators and the necessary change ratio to an index C  value to produce a 

just noticeable different haptic sensation. 

2.3.1 Experimental apparatus  

We built a master–slave system with the bilateral control model diagrammed in Fig. 

2.2. The master side is a Phantom Desktop haptic device (SensAble Technologies). To 

allow an ideal system without interference from mechanical factors, the slave side and 

the operational environment are modeled in a virtual world; the slave side is a virtual 

sphere and the operation environment is a virtual wall. The update rate of the system is 

fixed at 1 kHz. 
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Fig.2.2. Control model and device of experiment system. The master side is a haptic device: 

Phantom Desktop, slave side is a virtual sphere and the operating environment is a virtual wall. 

The definitions and units of each parameter in Fig. 2.2 are as follows: 

mB : Damping of the master device, (Ns/mm); 

mM : Inertia term in the controller of the master device, ( 3kg 10 ); 

sM : Inertia term in the controller of the slave device, ( 3kg 10 ); 

pK : Virtual stiffness between the master and the slave devices, (N/mm); 

vK : Virtual damping between the master and the slave devices, (Ns/mm); 

enK : Stiffness of the virtual wall, (N/mm); 

hF : Force applied by the operator, (N); 

enF : Force applied by the environment (virtual wall), (N). 

The equations of motion for the system in Fig. 2.2 are as follows. 

 h m m m m en m m m m en s wallF M r B r F M r B r K r r             (2.2) 

     en en s wall s s p s m v s mF K r r M r K r r K r r           (2.3) 
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  In functions (2.2) and (2.3), mr  is the position of the master device, sr  is the 

position of the slave sphere, and wallr  is the position of the virtual wall, which is constant. 

For simplicity, only the stiffness of the wall is represented as the properties of the 

environment. 

The damping of the master device mB  and the stiffness of the virtual wall enK  

affected the operator’s haptic sensation remarkably more than the other parameters when 

the experimental system is stable. Hence, in the following experiments, mB  and enK  

parameters are adjusted to generate the different haptic sensations, the other system 

parameters are hold constant.  

2.3.2 Subjects and motions  

We enrolled 10 subjects, nine males and one female, all between 22 and 35 years old. 

All subjects were right-handed. The experiment was conducted in accordance with 

standard ethical practices and was approved by the ethics committee for human 

experiments of the Tokyo Institute of Technology. 

Subjects performed the following motion in the experiments. As the master device 

moves forward, the slave sphere in the virtual world also moves forward and contacts 

with the virtual wall. The subject holds the stylus of the master device in their right hand 

and moved the stylus forward at an arbitrary speed (keep the velocity before contact 

constant is expected), and retract back after detecting the contact between the slave sphere 

and the virtual wall. The appearance of the experiment is shown in Fig. 2.3.  

2.3.3 Experiment for the index value stability to different operators  

The contact velocity will vary considerably for different operators of a master-slave 

system. Therefore, under the same parameter setting, the extent to which the index value 

is affected by different operators or contact velocities should be studied. To clarify this 

property, the statistical characteristics of the index value with different operators were 

studied. 
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Fig. 2.3. Appearance of the experiment, subjects are instructed to hold the stylus, perform 

approach-retract movement, and remember the haptic sensation when the slave sphere contacts 

the virtual wall. 

The ten subjects performed experiments with the master-slave system described in 

Section 2.3.1. For one parameter setting, the 10 subjects were instructed to repeat the 

approach-retract motion 10 times, consciously varying the speed with which they 

approached the target wall over the 10 motion. So the approach-retract motion is repeated 

100 times from different subjects with various contact speed. The velocity profiles from 

every approach-retract motion are recorded, from which 100 index C  values can be 

calculated.  

In this experiment, ten parameter settings listed in column 2 of Table 2.1 were tested. 

For every parameter setting case, the calculated index values from different subjects with 

various contact speed are distributed normally according to the Kolmogorov-Smirnov 

normality test. As an example, histograms of the calculated C  values from parameter 

setting case No.1 to No. 4 are shown in Fig. 2.4. 
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Table 2.1 

Statistical characteristics of C  measurements 

Case 

No. 
Parameter setting 

Sample 

size 

Mean value 

of C  

Standard 

deviation 

Coefficient of 

variation 

1 m en0001 01B . ,K .    100 0.149 0.027 18.1 % 

2 m en0001 0 2B . ,K .   100 0.243 0.032 13.2 % 

3 m en0001 03B . ,K .   100 0.365 0.045 12.3 % 

4 m en0001 0 4B . ,K .   100 0.449 0.044 9.8 % 

5 m en0001 05B . ,K .   100 0.501 0.054 10.7 % 

6 m en0004 01B . ,K .   100 0.119 0.022 18.4 % 

7 m en0004 0 2B . ,K .   100 0.202 0.028 13.8 % 

8 m en0004 03B . ,K .   100 0.305 0.032 10.4 % 

9 m en0004 0 4B . ,K .   100 0.384 0.036 9.4 % 

10 
m en0004 05B . ,K .   100 0.460 0.047 10.2 % 

 

 

Fig. 2.4. Distribution of C  value calculated from in 100 approach-retract motions for 

parameter setting No.1 to 4. All are normal distributions. 
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Although these 100 calculated index values are not under entirely independent 

conditions, the subjects were instructed to consciously change the approach velocity for 

each of the ten contacts they performed for each set of parameters, the 100 times 

approach-retract motions for each parameter setting are sufficiently independent for our 

purposes. 

For all parameter settings No.1 to 10, the mean, standard deviation, and coefficient of 

variation of the 100 index values calculated from the recorded velocity profile are listed 

in Table 2.1. For all the parameter settings, the coefficients of variation are under 15 % 

except for cases No.1 and 6. According to [80], a coefficient of variation less than 15 % 

indicates that the index value will not diverge to an unacceptable level. Therefore, under 

different operators and different contact velocity, variation of the index value is within an 

acceptable range. Moreover, the 10 parameter settings can cover a wide range of operation 

conditions, meaning that the C  value is stable to contact velocity in normal applications. 

The value of C  is independent of the approach velocity. Fig. 2.5 shows three velocity 

profile examples under the parameter setting case No.4. The approach velocities are far 

different (80 mm/s, 151 mm/s, 210mm/s); Fig. 2.5 shows that the index values calculated 

from the three velocity profiles by equation (2.1) are the nearly the same. For all the 100 

velocity profiles under parameter setting case No.4, the approach velocities applied by 

the subjects varied from 50 to 350 mm/s, the correlation between the index values and the 

approach velocity was tested; the probability of the null hypothesis (that the C  value is 

not correlated with approach velocity) was set to 0.05. The statistical significance P  of 

the correlation between the approach velocity and C  values is 0.37 and the correlation 

coefficient ranges from 0.18 to 0.43. 

Except for parameter setting No. 4, the correlations between C  values and the 

approach velocities under other parameter settings were tested; the statistical significance 

of the correlation between the approach velocity and C  changes from 0.35 to 0.48 and 

the correlation coefficient ranges from 0.155 to 0.531, which means the C  value is 

independent to the approach velocity except in extreme approach velocities.  
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Fig. 2.5. Examples of velocity profiles with different approach velocities under the same 

parameter setting, using the velocity profiles to calculate the index value, the results are the 

nearly the same. 

C  value being independent of the approach velocity means that the approach velocity 

doesn’t affect operator’s haptic sensation. This is true because of the following reasons: 

first, the experimental participants tended to report that their approach velocity did not 

affect how easily they can sense the contact. Secondly, as mentioned in Section 2.1, the 

haptic sensation for sensing contact is generated from a combination of cutaneous and 

kinesthetic sensations. Hirano et al. found that the approach velocity does not affect 

cutaneous sensation noticeably [81]. As for kinesthetic sensations, Jones claims that the 

ability to detect a change in the position of a limb is not affected by the angular velocity 

of the arm movement, which is correlated with the approach velocity [74]. Hence, the 

approach velocity is not likely to affect the sensibility for the operator to detect the contact 

between the slave device and the environment. 

2.3.4 Experiment for reflecting a different haptic sensation in C  value 

  While design system parameters for some requirements, the designer should check the 

effect to the operator’s haptic sensation after adjusting the parameters. Among many 

kinds of changes, the simplest and most basic are strengthening and weakening effects, 
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whether the operator’s sensation is strengthened or weakened is the first situation to be 

checked.  

Human’s haptic sensation is not continuous, the operator can feel a difference in haptic 

sensation only if it was altered to an extent. When using C  values to estimate the 

operator’s haptic sensation, the designer should know how much the index C  value 

should be changed to produce a different haptic sensation.  

Moreover, one objective of this study is calculating haptic sensation index directly 

from the system parameters; thus by knowing the necessary numerical change that makes 

the sensation different, the designer can calculate the setting limit for a parameter value; 

if a parameter value surpasses the limit is inevitable, the designer can know to which 

extent the other parameters should be set to restore the haptic sensation. 

Therefore, in this chapter, a psychophysics experiment is implemented to study how to 

reflect a strengthening or weakening to operator’s haptic sensation on the index value. 

The experiment first measures the just-noticeable difference (JND) against the reference 

haptic sensation; then calculates the numerical change in the index value between the 

JND and reference haptic sensation. 

Each reference has two JNDs in directions of strengthening and weakening, i.e., the 

upper threshold (UT: the reference sensation is strengthened until the difference can be 

just noticed) and the lower threshold (LT: the reference sensation is weakened until the 

difference can be noticed) [82].  

10 subjects performing the experiment in Section 2.3.3 were also used in this 

experiment, in every trial, the subject repeated this approach-retract motion for 

successively five times, just like knocking on a door. The experiment is designed based 

on the up-and-down method for testing JNDs. This method is used extensively in 

psychophysics studies [83]. 

A reference trial and a comparison trial were conducted as one set. Both the two trials 

were presented to the subject, and the subject was asked whether they noticed a difference 

in the easiness of detecting the contact with the environment in the two trials. The 
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presentations of reference and comparison trials are alternated in a random order to 

prevent time error. 

To illustrate this experiment in detail, the process for obtaining the UT sensation to the 

reference sensation under parameter setting ( enK : 0.1 N/mm; mB : 0.001 Ns/mm) is 

introduced; this process is also illustrated by Fig. 2.6. In the reference trials, the parameter 

setting was constant. In comparison trials, mB  was kept constant and enK  began at 0.3 

N/mm, which is far higher than the reference trial of 0.1 N/mm, allowing the subjects to 

easily notice the difference between the reference and comparison trial and answer “Yes.” 

 

 

Fig. 2.6. Process for measuring the just-noticeable different haptic sensation with the 

reference sensation (environmental stiffness enK  = 0.1 N/mm). Descending and ascending 

series of trials are presented, and altered until a difference emerges or disappears. Haptic 

sensations are represented by the circle size. “Yes” or “No” between two circles are the 

subject’s answer of whether a difference between the comparison and the reference sensation 

can be noticed. Circles with red rings are the recorded enK , at which the subject’s perception 

of a difference in the stimuli appeared or disappeared. 
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As long as the subjects noticed a difference in haptic sensation between the comparison 

and reference sensation, enK  in the comparison trials was reduced by increments of 0.01 

N/mm to approach the enK  in the reference parameter setting (0.1) gradually until the 

subject could no longer detect a difference between the comparison and reference 

sensation. As shown in Fig. 2.6, the subject in this example could no longer detect the 

difference when enK  was reduced to 0.13 N/mm in the comparison trial, answering 

“No.”. The ring appears at left position means its sensation was represented first in 

comparison, and the ring appears at the right position means its sensation was represented 

second. 

When the difference between reference and comparison sensations disappears, the 

experimenter increased the enK  in comparison trials with increments of 0.01 N/mm 

until the subject could again notice a difference in haptic sensation between the 

comparison and reference. As shown in Fig. 2.6, in this example, the answer “Yes” 

reappeared at enK = 0.16 N/mm.  

The ascending and descending series were repeated twice each, during the experiment, 

subjects could not see the motion on the slave side; all motions were judged solely by 

their haptic sensation. 

After representing the ascending and descending series, the enK  values at which the 

difference between reference and comparison emerges or disappears (subjects answer 

transition between “Yes” and “No” occurred, for example, enK = 0.13 N/mm, 0.16 N/mm, 

0.12 N/mm, and 0.15 N/mm in Fig. 2.6) are recorded. The mean of the four recorded enK  

values, 0.14 N/mm in this example, is the UT enK  parameter at which the upper 

difference in haptic sensation compared to the reference sensation is just noticeable.  

Finally, the experimenter recorded the velocity profiles for the reference parameter 

settings ( enK : 0.1 N/mm,
mB : 0.001 Ns/mm) and its UT parameter settings ( enK : 0.14 

N/mm, mB : 0.001 Ns/mm), from which the C  values that represent the reference 

haptic sensation ( UTC  ) and the comparison sensation ( refC  ), and the change ratio 

between them ( UT refC / C ) can be calculated. 10 subjects performed this process, the 
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mean index change ratios between the reference and its UT ( UT refC / C ) from the 10 

subjects is the necessary numerical change ratio ( cR  ) for a reference index value to 

represent a just noticeably strengthened the haptic sensation, in this example, is 1.423.  

The process of obtaining the necessary numerical change ratio ( cR ) for a reference 

index value ( refC ) to represent a just noticeably weakened haptic sensation LTC  is the 

almost the same, the only difference is that c ref LTR C / C . 

In this experiment, the JNDs to ten reference haptic sensations generated from the ten 

reference parameter settings listed in column 2 of Table 2.2 were measured. Index values 

for every reference parameter settings ( refC ) are listed in column 3. To each reference 

cases, the index value for its upper threshold sensation ( UTC  ) and lower threshold 

sensation ( LTC ) are listed in columns 4 and 6; the necessary numerical change ratios ( cR ) 

to represent a just noticeably different sensation are listed in columns 5 and 7. 

As introduced above, c UT refR C / C in trials of UT measurement; and c ref LTR C / C  

in trials of LT measurement, by plotting all the denominators in calculating cR  on the 

horizontal axis, and the cR  value on the vertical axis in Fig. 2.7, it can be observed that, 

as the reference index value ( refC ) increases, the cR  becomes noticeable decreases. We 

consider this situation appears because of the difference in haptic modalities. When the 

feedback is weak, the contact sensation is the cutaneous sensation; as it increases, the 

kinesthetic sensation will be involved, which sensitizing the discrimination ability. 

In extreme cases, when the reference haptic sensation is estimated to be minimal 

( ref 0C  ), cR  approaches infinity. When the reference haptic sensation is estimated to 

be very intense ( ref 1C  ), the haptic sensation is close to perceiving the environment 

stiffness, which has been studied previously [59] and [70]. These studies revealed that the 

difference threshold will be about 10 ~ 20 % higher than the reference stimulus. Therefore, 

in this research, an intermediate value of c 115R .  was chozen as the appropriate index 

change ratio when the reference is very intense.  
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Table 2.2 

The experimental conditions and results for measuring cR  

Case 

No. 

Reference 

parameter 

setting 

                      

Reference C  

value: refC  

                

Mean of UT C 

value: UTC  

                      

cR   

UT refC / C  

                               

Mean of LT 

C  value: 

LTC  

                                                  

cR   

ref LTC / C  

1 m 0001B .  

en 01K .  

0.149 0.212 1.423 0.087 1.712 

2 m 0001B .  

en 0 2K .  

0.243 0.340 1.399 0.165 1.447 

3 m 0001B .  

en 03K .  

0.365 0.456 1.249 0.253 1.445 

4 m 0001B .  

en 0 4K .  

0.449 0.530 1.180 0.300 1.496 

5 m 0001B .  

en 05K .  

0.501 0.610 1.220 0.361 1.385 

6 m 0 004B .  

en 01K .  

0.119 0.185 1.554 0.073 1.630 

7 m 0 004B .

en 0 2K .  

0.202 0.314 1.554 0.138 1.463 

8 m 0 004B .  

en 03K .  

0.305 0.445 1.459 0.203 1.525 

9 m 0 004B .

en 0 4K .  

0.384 0.480 1.250 0.263 1.460 

10 m 0 004B .  

en 05K .  

0.460 0.552 1.196 0.341 1.353 
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Fig. 2.7. Reference C values and
cR , the necessary change ratio

cR to a reference 

C value to make the difference between two haptic sensations noticeable, including 

extreme cases. 

According to Fig. 2.7, the
cR and reference C ( refC ) values can be fit to the following 

logarithmic function: 

0 001c reflog 1 15.R C .       ref 0 1C ,         (2.4) 

If refC is close to 1.0, to make a different sensation, ref cC C R  is larger than 1.0; this 

situation only arises when the master device bounces unstably faster than the temporal 

resolution of haptic sensation. 

2.4 Validation of the haptic sensation index 

  This section validates the proposed haptic sensation that C value can represent the 

operator’s haptic sensation correctly. Specifically, regardless of how the system 

parameters are set, haptic sensations they provide to the operator can be estimated as long 

as their C values is determined.  
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Therefore, despite the difference in parameters setting of trials, as well as the 

relationship of their corresponding values is known, the operator’s performance in haptic 

sensation should be in accordance with prediction based on the index values. In this 

section, another psychophysics experiment was conducted. The experimenter tested pairs 

of parameter settings with designated relationships of C value with the pair elements, 

presented the sensations under the parameter setting pairs to the subjects and checked if 

their sensation performances were in accordance with the prediction.  

As introduced in Section 2.3.1, the environment stiffness enK and the master device 

damping mB are adjusted to generate the different haptic sensations. To best adjust 

parameters settings to the desired C values, how the index C values changed as enK

increases was studied first, for two mB levels. Fig. 2.8 plots all the reference, UT, and LT 

index C values against the corresponding parameter settings that were discussed in 

Section 2.3.4. Then, the functions of  enC f K  for the two mB levels were fit as the 

following equations: 

en

m

1 355
0 001 1

K.
B .C e

 
          (2.5) 

en

m

1 211
0 004 1

K.
B .C e

 
              (2.6) 

The coefficients of determination for the two fitted curves are 0.987 and 0.990 

respectively. 

The experimental apparatus was the same as that used in the previous experiment. We 

enrolled 15 subjects, all males from 22 to 35 years old. The subjects performed the same 

motion described in Section 2.3.2. 

The experiment was based on the method of constant stimuli. Sensations from 2 system 

parameter settings were presented in a pair with a time interval less than 0.5 s. After 

presenting one pair, the subject was asked to identify the trial in which they could more 

easily to sense the contact between the slave and the environment. Subjects could answer 

“Former”, “Latter”, or “Same”. 
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Fig. 2.8. Parameter settings and their corresponding C values as listed in Table 2.2. The 

curves are fitted functions for enK and the index value. 

The designated relationships between index values for pairs of parameter settings were 

divided into three types: 1. parameter settings with the same C value, 2. parameter 

settings with just-noticeably-different C values, and 3. parameter settings with C values 

differing by 200 %. We tested five pairs of parameter settings for the first two types and 

four parameter pairs for the third type, in which the pair elements are labeled A1–A5 and 

B1–B5. 

For each subject, the experimenter repeated the presentation of sensations for the 

parameter setting pair elements 20 times. Therefore, for each pair, 300 trials were tested 

in total. To eliminate constancy errors, the sequence of presenting pair elements was 

random. To prevent the subject from deducing answers from the ongoing statistics, 

parameter setting pairs with the three kind of relationships were presented in a random 

sequence. Moreover, after every time a parameter pair was shown, if the subject answered 

that it was easier to detect the contact in element A, the trial was scored with “-1”; if the 

subject answered “Same”, the trial was scored with “+1” and if the subject pointed to 

element B, the trial was scored with “0”. For each parameter pair with one subject, total 
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points of the 20 trials for one subject were calculated. Therefore, a point array with 15 

elements from subject No. 1 to No. 15 can be obtained. This array would be used in 

statistical tests for the experiment results. 

For each pair of parameter settings, the proportion of indistinguishable answer out of 

the 300 trials was counted, which includes the proportion of “Same” answer and the 

proportion of opposite responses that canceled out with each other. 

If the C values under the two pair elements were the same, the operator would be 

difficult to tell the difference on the haptic sensation, which will lead to a high proportion 

of indistinguishable answers. If the change rate of index values between pair elements 

reaches
cR  , according to psychophysics theory, the proportion of indistinguishable 

answers should be around 50 %; If the index values between pair elements differs by 

200 %, proportion of the indistinguishable answers should be very low.  

2.4.1 Experiment for parameter settings with the same C value 

Fig. 2.9 shows the parameter pairs of which the C values of the pair elements are 

designated as the same; the five appointed C levels are shown in column 3 and 5 of the 

table in Fig. 2.9. Substituting the appointed C values into functions (2.5) and (2.6) for 

different mB levels, the enK parameter in each pair element is back-calculated respectively. 

Here, the enK parameters in A1–B1 ~ A5–B5 are listed in column 2 and 4 of the table in 

Fig. 2.9. 

The combinations of system parameters with the same index C value are expected to 

present the same haptic sensation to the subjects. In this experiment, for each pair of 

parameter settings, the proportion of indistinguishable answers after 300 trials is shown 

in Table 2.3, which shows that the proportion of indistinguishable answers is high and 

nearly more than 80%, which is a high proportion that the subject cannot tell the 

difference between pair elements. In addition, the t-test result shows that there are no 

significant differences between the point arrays of the five parameter-pairs, which means 

the five proportions of indistinguishable answers are at the same high level. 
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Fig. 2.9. Five parameter setting pairs used in the experiment, for which 

the haptic sensation is expected to be same.  

 
 

Table 2.3 

Proportion of indistinguishable answers under the sameC value, sample size of every pair is 

300. 

Parameter 

pair No. 

Proportion of 

indistinguishable 

answers 

Predicted proportion of 

indistinguishable 

answers 

A
1
, B

1
 78 % 71.1 % 

A
2
, B

2
 82 % 81.3 % 

A
3
, B

3
 80 % 86.9 % 

A
4
, B

4
 83 % 87.2 % 

A
5
, B

5
 84 % 87.5 % 
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However, “high proportion” or “more than 80 %” are only independent results without 

any reference, they should be compared to a predicted proportion to check if the 

proportion is high enough to reflect the “same haptic sensation”. To check whether haptic 

sensation performances were in accordance with the prediction. The third column of 

Table 2.3 is the predicted proportion of indistinguishable answers, which is not 100 % 

even the C value between the pair elements are the same. Its algorithm is introduced as 

follows: 

As mentioned in Section 2.3.2, the index values under a certain parameter setting are 

normally distributed, in Fig. 2.9, points on the curves are the mean values of the normal 

distributions, and true index value in each trial may be different from the point values on 

the curves. For example, if the true index value when presenting A3 in one trial was 0.3 

– 2σ of the red distribution, whereas the true index value when presenting B3 in another 

trial was 0.3 + 2σ of the blue distribution (see the example of normal distributions in Fig. 

2.9), in this pairwise comparison, the difference between the true haptic sensation 

provided by A3 and B3 may be more than the just-noticeable threshold, which makes the 

subject to notice the difference, Hence, the predicted proportion that the subject cannot 

the notice the difference between two parameter settings is not 100 % even their C  

values are the same.  

In the pairwise comparison, pair element A is presented firstly, the true index value 

AC  under pair element A from all subjects are within the range A AC ,C    2 2 , Then, 

pair element B is presented, the true index value BC  from all subjects are within the 

range B BC ,C    2 2 . Here, AC  and BC  are the mean index value under pair element 

A and B respectively. If BC  is within the range  A c A cC / R ,C R , the true haptic 

sensations difference between the pair elements A and B is within the JND, the subject 

should not notice the difference. Therefore, proportion of the indistinguishable answers 

is “The chance for the true index value of element B ( BC ) being within the difference 

unnoticeable range of element A’s true index value:  A c A cC / R ,C R ”, which can be 

calculated by the following multiple integration. 
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   
A A c

A A c

2

A A B B B A
2

d d
C C R

C - C / R
P f C f C C C





  
   

        (2.7) 

In function (2.7), P  is the predicted proportion of the indistinguishable answers, C  

represents the true index value of the current pair element,  Af C  and  Bf C  are the 

probability-density functions of the normal distributions of pair elements A and B. 
cR  

can be calculated by substituting AC  into function (2.4). For example, when calculating 

the expected proportion between A2 and B2, substitute the AC  value of A2 (0.2) into 

function (2.4), 
cR = 1.33.  

Comparing the experimental proportion of indistinguishable answer to the prediction 

proportion, it can be seen that the haptic sensation performances were also in accordance 

with the prediction based on index relationship. 

2.4.2 Experiment for parameter settings with the same C  value differing by 

cR  

Fig. 2.10 shows the parameter setting pairs of which the C  value difference between 

pair elements differed by
cR  , which means difference between the haptic sensations 

generated by the pair elements is just noticeable. The five appointed C  levels are shown 

in columns 3 and 5 of the table in Fig. 2.10. The enK  parameter in A1–B1 to A5–B5 are 

listed in columns 2 and 4 of the same table. 

According to psychophysics theory, if two sensations are differed by the just noticeable 

difference, the proportion that the subjects cannot notice the difference (indistinguishable 

answers) should be 50 %. Considering the variance of true index value, the predicted 

proportions of indistinguishable answers calculated by function (2.7) are about 47 %. The 

experimental result is shown in Table 2.4. From Table 2.4, when the difference ratio 

between the C  values of the two parameter settings reaches
cR , the proportion of 

indistinguishable answers is near the prediction.  
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Fig. 2.10. Five parameter setting pairs used in the experiment, for which 

the haptic sensation is expected to be just noticeable.  

 

 Table 2.4 Proportion of Indistinguishable Answers under the parameter 

settings with the just noticeable different C ValueS, Sample Size of 

every pair is 300 

Parameter 

pair No. 

proportion of 

indistinguishable 

answers 

Predicted proportion of 

indistinguishable answers 

A
1
, B

1
 44 % 46.3 % 

A
2
, B

2
 40 % 47.6 % 

A
3
, B

3
 41 % 47.6 % 

A
4
, B

4
 46 % 47.6 % 

A
5
, B

5
 45 % 47.5 % 
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In addition, the t-test result shows that there are no significant differences between the 

point arrays of the five parameter-pairs, which means the five proportions of 

indistinguishable answers are at the same level. Therefore, the difference in perceptual 

capability for detecting the virtual wall between pair elements is just noticeable, haptic 

sensation performances were in accordance with the prediction based on index 

relationship. 

2.4.3 Experiment for parameter settings with the C value differing by 200% 

Fig. 2.11 shows the parameter setting pairs of which the index values of pair elements 

differing by 200 %. The four appointed C  levels are shown in columns 3 and 5 of the 

table in Fig. 2.11. The enK  parameter in A1–B1 to A5–B5 are listed in columns 2 and 4 

of the same table. 

The proportion of indistinguishable answers for each pair out of 300 trials, as well as 

the predicted proportion calculated by function (2.7), are shown in Table 2.5. From Table 

2.5, when the change rate between pair element’s index C  values reaches 200 %, 

proportion of indistinguishable answers becomes less than 5 % of 300 trails. Haptic 

sensation performances were in accordance with the prediction based on index 

relationship. Moreover, the t-test result shows that there are no significant differences 

between the point arrays of the four parameter-pairs, which means the four proportions 

of indistinguishable answers are at the same low level.  

 



 

Chapter 2 An index of operator’s haptic sensation 

 

 

43 

 

 

Fig. 2.11. Four parameter setting pairs used in the experiment, for which 

the haptic sensation is expected to be distinctly different.  

 

 

Table 2.5 

Proportion of Indistinguishable Answers with Distinctly Different C  Values with Sample 

Size of Every Pair is 300 

Parameter 

pair No. 

proportion of 

indistinguishable 

answers 

Predicted proportion of 

indistinguishable answers 

A
1
, B

1
 12 % 11 % 

A
2
, B

2
 3 % 2 % 

A
3
, B

3
 6 % 0 % 

A
4
, B

4
 3 % 0 % 
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2.4.4 Experiment for parameter settings with the same C  value and far different 

enK  and mB  values 

In section 2.4.1, change on operator’s haptic sensation are generated by altering the 

enK  parameter, but enK  values in A1–A5 are not differed much to that in B1–B5. 

Someone will doubt that the high proportion of indistinguishable answers are just because 

of the similar enK   level. In this section, another type of parameter setting pairs was 

designated as follows: the difference between the enK  parameters of pair element A and 

B reaches the upper threshold, and the difference between the mB  parameter values are 

also enlarged to make the index value C of pair elements equal. The parameter setting 

pairs and their index C values are shown in the table included with Fig. 2.12. The 

subjects are expected to be unable to distinguish the difference even the both the enK  

and mB  are differed distinctly. 

 

Fig. 2.12. Five parameter setting pairs used in the experiment, for which the 

haptic sensation is expected to be the same while the difference on the enK

parameters between the pair elements reaches the upper threshold.  
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Table 2.6 

Proportion of indistinguishable answers with distinctly different enK  and the same C  

value; sample size of every pair is 300 

Parameter 

pair No. 

proportion of 

indistinguishable 

answers 

Predicted proportion of 

indistinguishable answers 

A
1
, B

1
 76.3 % 71.1 % 

A
2
, B

2
 91.3 % 81.3 % 

A
3
, B

3
 82.1 % 86.9 % 

A
4
, B

4
 80.0 % 87.2 % 

A
5
, B

5
 82.4 % 87.5 % 

The proportion of indistinguishable answers for each pair out of 300 trials as well as 

the prediction are listed in Table 2.6. Results in Table 2.6 shows that haptic sensation 

performances were also in accordance with the prediction based on index relationship. 

Even the sensations are generated from far different parameter settings, the subjects 

cannot tell the difference between pair elements as long as the C   values with the 

parameter settings are the same.  

Moreover, the t-test result shows that no significant differences occur between the point 

arrays of this parameter setting pair type and that of the parameter pair setting pairs in 

Section 2.4.1, meaning that proportions of indistinguishable answers in this section are at 

the same high level with that of Section 2.4.1. 

In addition, this experiment also confirmed the masking effect of master device 

damping mB  to the haptic sensation, when enK  parameters between pair elements A 

and B differs to the upper threshold to generate a different sensation, increase the mB  

parameter can make the subject be unable to notice the difference. In other word, the 

master device damping obscures the sensibility of an operator to detect the contact. 

 According to the experimental results of Section 2.4, the proposed index value can 

represent operator’s haptic sensation correctly. Validity of the proposed index is testified. 
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2.5 Discussion of this chapter 

2.5.1 Effect of each kind of parameter on the haptic sensation 

It can be observed from Fig. 2.8 that when enK  is zero, the index C  values under 

both mB   levels are zero, meaning that there is no virtual wall to contact. As enK  

increases, the sensation for the contact will become stronger until the C  values finally 

approaches to 1, the results of the supplemental experiment show that the index value will 

reach 0.97 when enK  is larger than 3.0 N/mm (Under the mB = 0.001 Ns/mm).  

Verbal reports from our subjects indicate that when the index C  value is less than 

0.07, the operator’s sensation is very low and the existence of the virtual wall is difficult 

to detect. When the index C  value is near 1.0, the sensation is very strong, and the 

virtual wall is very easy to detect. As Fig. 2.8 shows, when the damping parameter mB is 

amplified from 0.001 to 0.004 Ns/mm, the index value decreases and the masking effect 

of damping is also represented by the index value. When the enK   parameter is low 

around 0.1 N/mm, and if mB  value is quadrupled, the C  value will decrease by 25.2 %. 

When the enK   parameter is high at 0.5 N/mm, if mB   value is quadrupled, the C  

value decreases by only 8.9 %. This tendency shows that the masking effect of viscosity 

weakens as the stiffness increases. No matter how high the master viscosity is set, if the 

environment is sufficiently hard, the operator will perceive it easily. 

2.5.2 Comparison of the other alternative motion factors 

In this chapter, the master velocity is used to quantify the stimuli intensity and then the 

operator’s haptic sensation. The force and velocity factor applied by the master device 

are interrelated, and it is natural to consider the force applied on the operator’s hand 

before and after contact as the factor that determines the contact sensation stimuli, but an 

additional experimental result shows that force factor has less of an effect on the 

operator’s haptic sensation than velocity factor.  

The following three hypothesized dynamic factors is testified to represent the 

operator’s haptic sensation: first, the difference in feedback force before and after contact; 

second, the ratio of feedback force before and after contact; third, the ratio of velocity 



 

Chapter 2 An index of operator’s haptic sensation 

 

 

47 

 

before and after contact.  

In this additional experiment, the parameter setting for the reference trials was ( enK  = 

0.3 N/mm, mB   = 0.001 Ns/mm). The just noticeable lower threshold (LT) to the 

sensation under this reference parameter setting is obtained by adjusting two types of 

parameter. For one type, the LT haptic sensation is obtained by reducing the enK  

parameter; for the other type, the LT haptic sensation is obtained by reducing the mB  

parameter.  

10 subjects were enrolled; the experimental process was the same as the JND 

measurement in Section 2.3.4. The experimental results are listed in Table 2.7, column 1 

shows reference parameter setting and the parameter settings that an LT haptic sensation 

appeared. For the cases of reducing the enK  parameter, the LT haptic sensation appeared 

when enK  is reduced to 0.22 N/mm; for the cases of increasing the 
mB  parameter, the 

LT haptic sensation appeared when mB  is increased to 0.006 Ns/mm. 

The index defined is expected to represent the operator’s haptic sensation just by its 

value regardless how the system parameters are set as introduced in Section 2.4, as the 

dynamic factor that defines the index, no matter how the system parameters are adjusted 

to one reference parameter setting, if the haptic sensation after adjustment is just 

noticeable different from that for the reference parameter setting, the change magnitude 

of the dynamic factor should be the same. 

When using the difference in feedback force before and after contact ( a bF F ) as the 

dynamic factor to define a haptic sensations, as shown in columns 3 and 4 of Table 2.8, 

the force difference in the reference trial is 0.974 N; if the experimenter reduced enK  to 

generate a just noticeable lower sensation (objective sensation appeared at enK = 0.22 

N/mm), a bF F   at the objective sensation is 0.672 N, change extent to the force 

difference factor of the reference is 45 %; if the experimenter increased the mB   to 

generate a just noticeable lower sensation (objective sensation appeared at mB = 0.006 

Ns/mm), a bF F   at the objective sensation is 0.788 N, change extent to the force 

difference factor of the reference is 23 %. When adjusting different types of system 
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parameters to generate a same change in haptic sensation, the dynamic factor ( a bF F ) 

is not the same, it cannot be used to define the index. 

Table 2.7 

In tasks of obtaining a LT sensation to a reference by adjusting two types of system parameters, 

the change magnitude of the hypothesized dynamic factors compared to that in the reference 

Parameter 
Combination 

Sample 

size 

Factor 1  

a bF F  

Change 

extent 

Factor 2

a bF / F  

Change 

extent 

Factor 3 

a bV / V  

Change 

extent 

Reference 

enK : 0.30N/mm 

mB : 0.001Ns/mm 

20 0.974 ― 7.306 ― 1.563 ― 

LT Type 1: 

enK : 0.22N/mm 

mB : 0.001Ns/mm 

10 0.672 45% 5.754 27% 1.201 30% 

LT Type 2: 

enK : 0.30N/mm 

mB : 0.006Ns/mm 

10 0.788 23% 2.287 320% 1.185 32% 

When use the ratio of feedback force before and after contact ( a bF / F ) as the dynamic 

factor to define a haptic sensations, as shown in columns 5 and 6 of Table 2.8, a bF / F  

in the reference trial is 7.306; if the experimenter reduced enK   to generate a just 

noticeable lower sensation, a bF / F  at the objective sensation is 5.754, change extent 

to the force difference factor of the reference is 27%; if the experimenter increased the 

mB  to generate a just noticeable lower sensation, a bF / F  at the objective sensation is 

2.287, change extent to the force difference factor of the reference is 320 %. When 

adjusting different types of system parameters to generate a same change in haptic 

sensation, the dynamic factor a bF / F  is not totally different, it also cannot be used to 

define the index. 

 When using the ratio of velocity before and after contact ( a bV / V ) as the dynamic 

factor to define a haptic sensations, as shown in columns 7 and 8 of Table 2.8, a bV / V  

in the reference trial is 1.563; if the experimenter reduced enK to generate a just noticeable 

lower sensation, a bV / V  at the objective sensation is 1.201, change extent to the force 

difference factor of the reference is 30 %; if the experimenter increased the mB   to 
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generate a just noticeable lower sensation, a bV / V  at the objective sensation is 1.185, 

change extent to the force difference factor of the reference is 32 %. When adjusting 

different types of system parameters to generate a same change in haptic sensation, the 

dynamic factor a bV / V  is almost the same, it can be used to define the index. 

The experimental results also confirmed that that operators are likely to rely on velocity 

factor rather than the force factor to sense the contact between slave device and the 

environment. This choice of velocity factor is also in accord with the literature discussed 

in Section 2.1. Furthermore, for convenience of using, the index value should be 

normalized to a range of [0, 1], then, function (2.1) is proposed as its definition. 

2.5.3 The relationship between C  value and the operator’s sensation 

As the author emphasized before, the C  value is used to represent the easiness by 

which the operator can detect the occurrence of the contact.  

For example, when letting a person with closed eyes explore an iron block just in front 

of him, when his hand is in contact with the iron block, it is very easy to detect the contact; 

the C  value in such case will be near 1.0.  

When letting a person with closed eyes explore an iron block covered by a blanket, 

when his hand arrives the right place where the iron block is, it will cost some time for 

him to make sure that the iron block is here exactly; the C value in such case will be less 

than 0.5.  

When letting a person with closed eyes explore an iron block covered by a thick quilt, 

he may cannot detect the existence of the object if his hand arrives the right place where 

the iron block is; the C value in such case will be near 0. 

However, the index C  values cannot represent specific perceptions experienced by 

the operator.  

For example, when letting a person with closed eyes explore a soft tissue just in front 

of him, there will be a little difficulty for him to detect the soft tissue; assuming the C

value in such case to be 0.4. 
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Additionally, assuming the C value in cases that a person with closed eyes explore an 

iron block covered by a blanket to be also 0.4. The identical C values means that the 

“difficulty” for the person to detect the object in these two cases are same. 

Nevertheless, if the person has known the exact position of the object in these two cases, 

because of the absolute difference between the stiffness of the objects, the perception 

when the person grasps the objects will be totally different. 

2.6 Summarization of this chapter 

  In this chapter, the author proposes a new index to estimate the haptic sensation for 

operators to sense the contact between slave devices and the environment when operating 

a master-slave system. 

First, the magnitude of the contrast in the velocity of master device before and after the 

slave device contact with the environment is hypothesized as the dynamic factor that 

determines the haptic sensation stimuli, which is then used to define the index called: 

Dynamic Contrast ( C ). 

Second, the statistical characteristic of the proposed index is checked by experiment. 

The result shows that the index value remains constant for different operators and is 

independent of the approach velocity applied by the operator. Then, by measuring the 

JND in the reference haptic sensations and comparing the calculated index value 

corresponding to the JNDs and references, the necessary change ratio to a reference index 

C  value to produce a just noticeable different haptic sensation is calculated. 

Third, validity of the index is confirmed by psychophysics experiments. Results show 

that regardless of how the parameters settings are combined to produce the haptic 

sensations to the operator. If the parameter settings are with the same C  value, the 

haptic sensations they provided to the operator is the same; if the C  values with 

parameter settings are just differed by the necessary extent to produce a just noticeably 

different haptic sensation, the haptic sensations they provided to the operator are just 

noticeably different; if the parameter settings are with far different C values, the haptic 

sensations they provided to the operator is totally different. 
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This correspondence between index values and subject’s haptic performance implies 

that the value of C can represent the operator’s haptic sensation correctly. 
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Chapter 3 The relationship between the index value 

The relationship between the index value and the 

system parameters 

The proposed index is validated being able to represent the operator’s haptic sensation, 

so if its relationship to the system parameters can be clarified, the objective of this study 

can be realized. This chapter summarized the process of clarifying the relationship 

between the system parameters and the proposed index: dynamic contrast ( C ), and 

expressed the relationship as a mathematical function with the following objective 

formation.  

 v p m sc scC f K ,K ,B ,F ,P                     (3.1) 

The target function (3.1) is expected to be used as a guideline for the system parameter 

design by directly calculating the quantified haptic index ( C value) from the parameters.  

  As introduced in Section 1.3.2, the related works [60] – [65] did not build a guideline 

for the system parameter design with considering the operator’s sensibility for a contact; 

Motoji et al. built a method for optimizing the parameter for presenting the touch feelings 

[84], but this method is only for the parameters of a haptic device, which is usually used 

as a master device. 

3.1 Introduction of bilateral control architectures 

An exemplary concept of a bilateral controlled master-slave system is shown in Fig.  

3.1. The master-slave communicator transmits the control and dynamic information 

between controllers of the master and slave devices in two directions, which makes the 

system called “bi-lateral”. 
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Fig 3.1. Concept of a bilateral control architecture. 

According to the different feedback factors, the bilateral control architectures can be 

categorized into the position-force architecture and position-position architecture [50]. 

In the position-force architecture, the moving distance or velocity of the master device 

is the position instruction transmitted to the slave device, the slave device reproduces the 

instruction (amplifying or narrowing scaling gains is occasionally required). When the 

slave device contacts the environment, the contact force measured at the slave side is fed 

back to the master controller. (Amplifying or narrowing scaling gains of feedback force 

is occasionally required). The operator perceives the interaction between the slave device 

and the environment by the change of motion in the master device, which is generated by 

the feedback force information. 

If the slave device is constrained by the size or cost, a force sensor at the slave side is 

not expected, and position-position architecture can be implemented in such cases. When 

the slave device contacts the environment, the interaction force changes the motion of the 

slave device and the change in the slave device’s motion is fed back to the master 

controller. This allows the operator to perceive the interaction between the slave device 

and the environment by reproducing the slave motion at the master side (information 

regarding the feedback position is occasionally amplified or narrowed by a scaling gain). 

This study mainly focuses on the position-force architecture. 
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3.2 Relationship between index value and system parameters in the ideal 

Position-Force model 

3.2.1 Control model introduction 

Regardless of the control architectures, an ideal device motion response is often 

expected, [46] described an ideal motion as that the slave device moves in accordance 

with the master device without any time delay. In this case, the control model of Fig. 3.1 

appears as that shown in Fig. 3.2, and the master and slave devices are connected by a 

virtual rigid body. 

During the operation, the operator holds the master device at all times. Hence, the 

affection of the operator’s limb dynamics to the motion of the master device should also 

be considered. In Fig. 3.2, the operator’s limb is modelled as a mass-damper-spring model. 

According to [86] – [88], the dynamic parameters of the operator’s limb in this study are 

as follows: limb stiffness
hK = 0.08 N/mm, limb damping

hB = 0.002 Ns/mm, and limb 

inertia 
hM = 42 10  3kg 10 . As described in Section 2.2, this study focused on the 

master device motion within 50 ms after contact, and considered that a human operator 

cannot actively change their muscle motion in such a short amount of time. Therefore, 

we considered the operator’s limb model as time invariant. The control model of Fig. 3.2 

was adopted in works where the master and slave devices are rigidly connected [85], [88] 

or the distance between the devices are short [90]. 

This section aimed to express the relationship between the haptic sensation index C  

values and the system parameters as a mathematical function for this control model.  

In function (2.1), the haptic sensation index C value is calculated from the master 

velocity information, which is affected by the system parameters. Hence, the target 

function can be obtained if the mathematical relationship between the master velocity and 

the system parameters can be derived. 
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Fig. 3.2. Concept of position-force architecture for ideal system response, the 

master and slave devices are always moving in accordance with each other. 

According to the control model shown in Fig. 3.2, within a very short amount of time 

after the slave device contacts the environment, the motion equation of the master device 

can be expressed as follows: 

       h h b m h b m m h m m m sc en sc m enF K V t r B V r M M r B r F K P r r               (3.2) 

In (3.2), hF  is the force input from the operator’s limb; mB  is the damping ratio of 

the master device; mr  is the position of the master device, and mr  is its velocity; 
bV  is 

the velocity of the master device before contact; 
mM  and hM  are the inertia of the 

master device and the operator’s hand, respectively; scF  is the force feedback scaling 

gain; enK  is the stiffness of the environment; scP  is the position scaling gain between 

the master and slave.  

Because the motion of the master and slave in the ideal model are always in accordance, 

the position of the slave device can be substituted by sc mP r . Additionally, enr  denotes 

the initial position of the environment. Thus, the interaction force occurring between the 

slave device and the environment is  en sc m enK P r r  , and the feedback force is 

 sc en sc m enF K P r r   . In this control model, both the position and force scaling gain 

operate as the amplification or reduction gain of enK . Hence, their combination in the 

form of sc sc enF P K  is termed as the feedback stiffness for convenience. 

Arm

Limb & Master Slave Environment

Virtual Rigid 

Body

(with scale)
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Moreover, 0t   is the time point when the contact between the slave device and the 

environment occurs. When 0t  , the initial conditions are as follows: the master position 

 m 0 0r   , and its velocity (the approaching velocity)   b0mr V  . The initial position 

of the environment enr is set to zero, and the direction of invading into the environment, 

in other words, compress the spring representing the environment property, is defined as 

positive.  

Before the slave device contact the environment, the equation of motion for the master 

device is expressed as follows: 

 h m m m h mF B r M M r                      (3.3) 

  At a certain time after the operator begins to move the master device forward (before 

contact occurs), mr will become zero, and 
mh mBF r  , the velocity of the master and 

operator’s limb before contact will finally become constant as h

m

F

B
, which is the 

approaching velocity 
bV .  

Within a short amount of time after contact, hF  is considered to be constant and the 

same as that before contact because the muscle reaction of the operator’s limb is not 

involved. Moreover, because the operator’s finger pad is soft, the operator’s limb velocity 

will not change immediately and is considered identical to bV . Hence, the displacement of 

the operator’s limb is bV t . 

While the fed back force information immediately changes the velocity of the master 

device after contact, a discrepancy occurs with regard to the position and velocity between 

the master device and the operator’s limb. Owing to the limb’s dynamic property 

represented by the stiffness parameter
hK and damper parameter

hB , two additional forces 

 h b mK V t r  and  h b mB V r are passively generated from this discrepancy. By coupling 

these two forces with hF , the total input force from operator’s limb after contact is 

h h
h h m h m

m m

F F
F K t r B r

B B

   
       

   
, which is the left-hand side of (3.2). 
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3.2.2 Relationship function derivation 

The mr  term in (3.2) is equivalent to the 
aV  term of function (2.1), which can be 

solved from the differential equations (3.2) by using the Laplace transform and inverse 

Laplace transform. The result is shown in function (3.4), the details of derivation is 

presented in Appendix.  

 

hm hm

hm hm2 2

sc sc en hm

hm hm
h

m h en s s

a

c c

A A
A sinh A cosh

2 2

A

B B
t t

M M

h

m

e K e F P K B t t
M

V
MF

r
B K K F P

      
           

         
  

 (3.4) 

In function (3.4),
hm m hM M M  ,

hm m hB B B  ,
hen h sc sc enK K F P K  , and

 hm sc sc en h hmA 42B F P K K M   . 

The master velocity before contact h
b

m

V
F

B
  is constant. By knowing the functions of 

aV  and 
bV , the function that calculates the index value just from system parameters can 

be obtained by substitute them into the index definition, function (2.1).  

In function (2.1), the mean 
aV  in 50 ms are used, 

aV   is expressed as follows: 

 

hm hm

hm hm2 2
sc sc en hm

50ms
hm hm

h

m h en sc sc0

A A
A sinh A cosh

2 2
1

 d
50 A

B B
t t

M M
h

t

t

e K e F P K B t t
M M

F
t

B K K F P







     
                 


   .    

Subsequently, this formula is substituted into (2.1). The 
bV  term ( h

m

F

B
) is canceled. 

For the ideal bilateral control model, the objective function that calculates the index C  

 idealC from the system parameters can be obtained as follows: 

 

hm hm

hm hm2 2
sc sc en hm

50ms
hm hm

h en sc sc0

A A
A sinh A cosh

2 2
1

1  d
50 A

B B
t t

M M
h

t

t

e K e F P K B t t
M M

t
K K F P

C







     
                







    

  (3.5) 
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3.2.3 Effect analysis of different parameters 

In function (3.5), the inertia term of the slave parameter is not contained, which means 

that adjusting the inertia of the slave device will have no effect on the operator’s haptic 

sensation under the ideal conditions of the ideal position-force architecture. Under this 

ideal condition without time delay, the transient response speed of the devices is very fast. 

When the slave device contacts the environment, the contact force is transmitted to the 

master device and changes its motion immediately. Moreover, the motion of the slave 

device is in accordance with the master side without exhibiting transient characteristics, 

hence, the dynamics of the slave device have no effect on the system motion.  

The changeable parameters in function (3.5) are master damping, mB  ; feedback 

stiffness, 
sc sc enF P K   ; inertia parameter in the master device controller, 

mM .  

Fig. 3.3 shows the change trend of the index C   value as the feedback stiffness 

sc sc enF P K   changed from 0 N/mm to 1.5 N/mm, and the master device damping mB  

changed from 0.001 Ns/mm to 0.009 Ns/mm. When the feedback stiffness was low, for 

example = 0.2 N/mm, As can be seen, when the feedback stiffness was low, for example 

when sc sc enF P K   = 0.2 N/mm, the value of index C  decreased by 33.5% (0.219 to 

0.164) as the mB  parameter increased from 0.001 to 0.009 Ns/mm. While the decreasing 

effect on the value of index C  exerted by the master damping became less remarkable 

as the feedback stiffness increased, for example, when sc sc enF P K  = 1.5 N/mm, and as 

the mB  parameter changed by the same degree, the value of index C only decreased by 

19.7% (0.858 to 0.717). When increasing the master damping parameter mB  to restrain 

the hand vibration, if the feedback intensity is low, caution must be exercised because the 

operator’s haptic sensation can be easily weakened. If the feedback intensity is high, the 

mB  parameter can be increased more generously.  
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Fig. 3.3. Change situation of index C value when mB  parameter 

changes in the ideal force-position control architecture. 

 

Fig. 3.4. Change situation of index C  value when mM  parameter 

changes in the ideal force-position control architecture. 

Fig. 3.4 shows the change trend of the index C  value as sc sc enF P K   changed from 

0 to 1.5 N/mm, and the inertia parameter 
mM in the controller of the master device 

increased 10 times. As can be seen, when sc sc enF P K   was low, for example 0.2 N/mm, 

if the inertia parameter in the master controller 
mM increased 10 times, the index C  

value decreased by 50% (0.219 to 0.110). When sc sc enF P K   was high, for example 1.5 

N/mm, as the 
mM  parameter changed by the same degree, the value of index C only 

decreased by 33.5% (0.858 to 0.642).  



 

Chapter 3 The relationship between the index value and the system parameters 

 

 

60 

 

When designing the controller of the master device, if the original feedback intensity 

is low, the inertia term should be set cautiously because the operator’s haptic sensation 

can be easily weakened by a larger master inertia. If the original feedback intensity is 

high, the master inertia can be increased more generously. 

3.2.4 Validations of the C  calculation function from system parameters 

After the deriving the function calculating index C  value directly from the system 

parameters, its validation is confirmed in this section.  

Chapter 2 have confirmed that the value of index C  calculated from the recorded 

device velocity profiles using (2.1), can correctly represent the operator’s haptic sensation. 

However, in the derivation process of the function expressed by (3.5), the master 

velocities 
aV  was estimated by (3.4), not the actual velocities. Therefore, if the estimated 

aV  approximates the actual values, the C  value calculated from the function expressed 

by (3.5) can also reliably represent the haptic sensation. An experiment was conducted to 

confirm the difference between the estimated and the actual master velocities. 

A master-slave system by implementing the ideal position-force bilateral control model 

is built as shown in Fig. 3.5. The master side was the haptic display Phantom Desktop 

and the slave side and the operational environment are a virtual sphere and a virtual wall 

developed in the virtual world. Hence, the ideal control condition of the position-force 

bilateral control architectures could be realized.  

In the experimental model, the force feedback scaling gain scF  and position scaling 

gain scP  were set to 1.0; the inertia of the master device 
mM is 54 5 10.  3kg 10 , which 

cannot be changed; the dynamic parameters of operator’s limb is constant as the same 

value introduced in section 3.2; adjusting the inertia of the slave device 
sM won’t affect 

the system’s motion. The adjustable parameters were the damping of the master ( mB ) and 

the stiffness of the virtual wall ( enK ). 

The experimental motion was conducted as follows: the operator held the stylus of the 

master device in their right hand and moved forward with casual speed. The speed of the 

forward movement was expected to be constant. Owing to the bilateral control, the slave 
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sphere also moved forward and made contact with the virtual wall. After the operator 

detected the contact, the forward motion stopped naturally and retracted back to the 

starting position. Then, the approaching-retracting motion was repeated. The velocity 

profile of every contact was recorded, and compared to the velocities estimated by the 

function expressed in (3.4).   

 

Fig. 3.5 Control model and apparatus in the confirmation experiment  

Fig. 3.6 shows a comparison of the master velocity profile within 50 ms after contact. 

This comparison was made between an experimental case and 
aV  calculated from (3.4), 

under the operating conditions: mB = 0.001 Ns/mm, enK = 0.1 N/mm. As can be seen, the 

master device velocity calculated by the functions can reflect the actual situation with 

high fidelity. Moreover, the difference between the C  value calculated from the real 

velocity profiles and the calculated 
aV  was as small as 8%. 

Another reason to consider the dynamic parameters of the operator’s limb unchanged 

is that it is difficult to measure the specific dynamic parameter value of every operator. 

However, it is natural to argue that when mB  parameter is high, the operator has to apply 

more forces to move the master device, resulting a high muscular tension in his/her limb, 

which may change the dynamic parameters of the limb and make the assumption of 

constant dynamic parameters improper. Moreover, a high feedback stiffness will produce 

a large shock at the master side, can the operator’s limb dynamic parameters still be 
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considered as constant under a large shock? 

Therefore, we conducted another experiment comparing the real master’s velocity 

profile over 50 ms after the contact with the estimated one. The parameter settings 

condition is: mB = 0.01 Ns/mm, enK = 1.0 N/mm. Both the mB  and enK  parameters 

are high. The comparison result is shown in Fig. 3.7. 

 

Fig. 3.6 Comparison of master device velocity obtained by experiment 

and the calculated result, operational condition was mB = 0.001 Ns/mm 

and enK = 0.1 N/mm. 

 

Fig. 3.7 Comparison of master device velocity obtained by experiment 

and the calculated result, operational condition was mB = 0.01 Ns/mm 

and enK = 1.0 N/mm.  
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Fig. 3.7 shows that if the damping of the master device is high, the experimental master 

velocity will decrease slower than the estimated velocity. This is attributed to the fact that 

the operator must input more force to move the master device with a high mB , if the 

operational velocity is expected to be the same as that with a low mB  parameter. Hence, 

the operator’s limb muscle became tense and the actual impedance of the limb was higher 

than the designated values, which prevented the deceleration of the master device by the 

feedback force. 

However, difference between the two C  values calculated from the true velocity 

profile and the estimated one was tiny as 10 %. The master device velocity calculated by 

the functions can still reflects the actual situation with high fidelity. Moreover, in this 

experiment, the mB  as high as 0.01 Ns/mm has made the operator feel difficult to move 

the device freely, A higher master damping is not likely to appear in actual operation. 

Hence, it was reasonably to consider the dynamic parameter of operator’s limb dynamics 

as constant in normal application cases.  

The experimental results indicate that the master velocity information estimated from 

function (3.4) is near the real situation. Hence, the C  value calculated directly from the 

system parameters by function (3.5) is reliable. 

3.3 Relationship between index value and system parameters in the real 

Position-Force model 

3.3.1 Control model introduction 

In most actual master-slave system applications, the virtual rigid body connection 

cannot be realized. The connection between the devices is often considered as virtual 

spring with a pK  gain and virtual damping with a vK  gain. For example, in nanoscale 

operation, the pK  and vK  gains are added as a coupling factor in the system. 

This type of control model is termed real bilateral control model in this study, and its 

configuration is shown Fig. 3.8. 
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Fig. 3.8. Real bilateral control model: master and slave devices are connected 

by virtual spring and virtual damper. 

As the motion of the master and slave devices is also affected by the virtual gains 

between them, pK and vK parameters are often adjusted actively by the system designer 

for some task requirements. Increasing the pK and vK values can make the device motion 

approach to the ideal ones; on the contrary, reducing them can reduce the impulse applied 

on the environment [90].  

With this control model, the motions of the master and slave devices do not accord 

with each other. Therefore, the two devices have different motion equations, as follows: 

Master device:  

       h h m m m h m m m sc en s eb nbhF K t r B r M M r r F K rV BV r              (3.6)       

Slave device:  

     p m s sc v m s sc s s en s enK r r P K r r P M r K r r            (3.7) 

In (3.7), sr  is the position of the slave device and sr  is its velocity; 0t   is the time 

point when the contact between the slave device and the environment occurs. The initial 

conditions for the master side are as follows: position of master device  m 0 0r   ; 

velocity of master device and operator’s limb   b
h

m

0m V
F

r
B

   .  

The initial conditions for the slave side are as follows: the initial position of the 

environment enr is set to zero; thus, the position where the slave device contacts the 
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environment  s 0r 
 is also zero. The direction of invading into the environment, in 

other words, compress the spring representing the environment property, is defined as 

positive. The velocity of the slave device   b
s

sc

0r
P

V  , which is the approaching velocity 

of the master device scaled by the scP  parameter. The reason for setting the initial slave 

velocity as such is described below. 

According to Fig. 3.8, after the operator begins to move forward, before the contact 

between the slave device and the environment occurs, the motion equation for the master 

device is the same as (3.3). Finally, the master device velocity will be h

m

F

B
  after a 

sufficiently long period of time, until contact occurs.  

After the master device begins to move, position and velocity errors are introduced 

between the devices, which pushes the slave device to move forward. Thus, the motion 

equation for the slave device before it contacts the environment can be expressed as 

follows: 

   p m s sc v m s sc s sK r r P K r r P M r          (3.8) 

  In functions (3.7) and (3.8), sr  is the position of the slave device,  m s scr r P   and 

 m s scr r P   is position and velocity error between the master and slave devices, pK and

vK are the virtual spring and virtual spring between devices.  

After a sufficiently long amount of time, the slave device velocity sr  will finally 

oscillate at the level of 
s

b

c

V

P
. If the slave device is adequately controlled, the oscillation 

will be very small. Thus both the position error  m s scr r P   and the velocity error 

 m s scr r P   will also be very small, and the left side of the function expressed in (3.8) 

will be approximately equal to zero. The slave device can be considered to move forward 

with stable velocity 
h

s

sc m sc

b

P P

V F
r

B
 


 until it makes contact with the environment. 
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This paper only discusses the case wherein the slave device contacts the environment 

at this stable velocity level. If contact occurs before the slave device becomes stable, the 

unpredictable motion of the slave device makes the impulse unpredictable for every 

contact. This results in unpredictable feedback force information, which in turn makes 

the motion of the master device unpredictable, even when the operational conditions 

remain unchanged. 

If the slave device contacts with the environment with sr  reaches the stable level, the 

equation of motion for the master device is:  

 h h
h h m m m h m m m sc en s

m m

h

F F
F K t r B r M M r B r F K r

B B

   
               

   
 (3.9) 

Equation of motion for the slave device is 

    p m s sc v m s sc s s en sK r r P K r r P M r K r            (3.10) 

3.3.2 Relationship function derivation 

Motion equations (3.9) and (3.10) are more complex in comparison with that of ideal 

architectures. Additionally, an analytical solution does not exist. Hence, the method used 

in Section 3.2.2 cannot be used here. 

Therefore, in this section, multiple system parameter settings were chosen and 

implemented in the simulation to obtain the numerical solution of mr  and calculate the 

corresponding values of index C . Then, we fit the searching relationship function by one-

to-one matching for the value of index C and the system parameter settings. 

The parameters adjusted in this experiment and their value levels are as follows: 

Virtual spring gain vK  (N/mm): 1e-5, 1e-4, 1e-4, 1e-2 0.1, 1, 10, and 100; 

Virtual damping gain pK  (Ns/mm): 1e-5, 1e-4, 1e-4, 1e-2, 0.1, 1, 10, and 100; 

Master damping ratio mB  (Ns/mm): 0.001 to 0.009 every 0.001; 

Feedback stiffness en scK F  (N/mm): 0.1 to 1.5 every 0.1. 
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These four types of parameters were adjusted and combined with each other. Hence, 

by substituting the parameters settings into simulation, the C values from 8,640 

(8 8 9 15   ) parameter settings were obtained. 

In this experiment, the value of the slave device inertia was set to 55 10
3kg 10  

because a master-slave system with low device inertia in the controller was expected [27], 

[58]. Although the weight of the different slave devices varied from very low to very high, 

an inertia item of 55 10
3kg 10   was realized in their controllers. Additionally, the 

position scaling scP  was maintained at 1.0. 

The pK  and vK  gains are related to the stability of the system. In this study, we only 

investigated their effect on the operator’s haptic sensation, and did not consider the 

stability of the system.  

The numerical solution of mr  was obtained using the Runge-Kutta fourth order 

method. Fig. 3.9 shows the simulation results for the C  values as the pK  and vK  

parameters changed from 1e-5 to 100, respectively. The four subgraphs fall under four 

sc enF K  levels.  

As can be seen in Fig. 3.9, the C values remain constant if pK  or vK  exceed a 

certain value ( vK  ≥ 10 or pK ≥ 100), and the constant C values are equal to those in 

the cases considering the ideal bilateral control model. Considering the bottom right 

subgraph of Fig. 3.9 as an example, if vK  ≥ 10 or pK  ≥ 100, the C value is 0.858, 

which is equal to the C value in the ideal control model with 
sc enF K = 1.0 N/mm and 

mB = 0.001 Ns/mm (the same C value can be obtained from the blue curve Fig. 3.3). 

This occurs because the virtual spring and damper between the master and slave devices 

work simply as virtual rigid bodies when the pK  and vK  gains are high, and the 

interaction force within a short amount of time is not sufficiently large to shorten them. 

Moreover, the motion of the system approximates that of the ideal control model. 

If both pK  and vK  are less than a certain value ( pK ≤ 1e-3 and vK ≤ 1e-4), the C

values remain constant and are equal to those in the cases wherein both pK  and vK  

are equal to zero. When the pK and vK  gains are zero, the left side of (3.10) is also 
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equal to zero. Hence, the motion of the slave device after contact is simply free contact, 

and the interaction force is simply determined by the slave controller and the properties 

of the environment. 

The above analysis demonstrates that if the 
sc enF K   and mB   parameters are kept 

unchanged, the C values with high pK  and vK  gains will be equal to those in the 

ideal bilateral control model ( C = 1.0× idealC ). Additionally, the C values with lower 

pK  and vK  gains will be equal to idealC  multiplied by a coefficient less than 1.0.  

Because every subfigure in Fig. 3.9 shows the same tendency, the effect of the pK and 

vK parameters can be considered as the coefficient multiplied to idealC . The objective 

function calculating the C  values from the system parameters can be formulated as 

follows: 

idealC C        (3.11) 

The function of idealC   was obtained in Section 3.2; therefore, the formulation of 

(3.11) can be obtained by deriving how the pK  and vK  gains affects coefficient . 

For the upper left and the bottom right subfigures of Fig. 3.9, the cross sections of the 

index C  curved surface at four vK  levels are shown in Fig. 3.10 and Fig. 3.11 

respectively, from which it can be observed that the cross sections are sigmoid curves, so 

the function of coefficient 
ideal

C

C
   are also a sigmoid function. If pK > 100 N/mm, 

1 ; if pK < 1e-3 N/mm, depends on vK . Hence, the objective function of   to pK  

parameter is supposed to be the following sigmoid function: 

 
  10 plog

v 1

1
1

f K
f K e

 

 
      (3.12) 
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Fig. 3.9 Effect of pK and vK parameters when mB = 0.001 Ns/mm. 

 

 

Fig. 3.10 The cross sections of the curved surface in the upper left subfigure of Fig. 3.9 

(environment stiffness enK = 0.1 N/mm) at four vK levels. 
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Fig. 3.11 The cross sections of the curved surface in the bottom right subfigure of Fig. 3.9 

(environment stiffness enK = 1.5 N/mm) at four vK levels. 

Similarly, for the upper left and the bottom right subfigures of Fig. 3.9, the cross 

sections of the index C  curved surface at four pK  levels are shown in Fig. 3.12 and 

Fig. 3.13, respectively. The cross sections are also sigmoid curves. From which it can be 

observed that if vK > 10 N/mm, 1 ; if vK < 1e-4 N/mm,  depends on pK . Hence, 

the objective function of   to vK  parameter can also be supposed to be the following 

sigmoid function: 

    10log

p 2

1
1

vf K
f K e

 
 

       (3.13) 

Fig. 3.9 shows that the index C to pK and vK  gains are sigmoid curved surfaces. 

Because 
ideal

C

C
   , the coefficient    to pK  and vK  gains is also a sigmoid curved 

surface. Combining functions (3.12) and (3.13) together, the objective function of   to 

pK and vK  gains is supposed to be: 

     1 10 p 2 10 v
log log

1 2

1
1

f K f K
e e

 

   

      (3.14) 
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Fig. 3.12 The cross sections of the curved surface in the upper left subfigure of Fig. 3.9 

( sc enF K = 0.1 N/mm) at four pK  levels. 

 

 

Fig. 3.13 The cross sections of the curved surface in the bottom right subfigure of Fig. 3.9 

( sc enF K = 1.5 N/mm) at four pK levels. 
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When the
pK  and vK parameters approach to zero,      1 10 p 2 10 v

log log

1 2

f K f K
e e   term in 

function (3.14) should near zero. As discussed above,    with low 
pK  and vK  

parameters is determined by the feedback stiffness and the master damping, so  in 

function (3.14) is determined by 
sc enF K  and mB .    

From Fig. 3.10 and 3.13, the inflexion points of every sigmoid curve are constant at 

p 1 7K . (  p10
log K = 0.23), and they are not affected by parameters. Similarly, the 

inflexion points of every sigmoid curve in Fig. 3.12 and 3.13 are also constant at 

v 0 02K . (  
10 vlog K = -0.23). So the terms   10 p1

logf K  and   10 v2
logf K  in function 

(3.14) can be formulated as  10 plog 0 23K . and  10 vlog 1 69K .  .  

Hence, under the objective function of coefficient   is formulated as  

     10 p 10 v
log log 1 69

sc en m 1 2

0 23

1
1

K . K .
f F K ,B e e

  
 

    

       (3.15) 

Using the proposed objective function and the C  values from the simulation results, 

the function of coefficient   is fitted as: 

   10 v10m p2 64 log 2 64 log 1 6919 2

sc en sc en sc e

0 3

n

2

1
1

1 1 62 1 77
4 1

. .K .. K .B . .
e e e

F K F K F K

   

 
   
         
   

(3.16) 

Substituting function (3.16) into (3.11), the searching relationship function for the real 

bilateral control model that calculates the index C  value from system parameters is as 

follows: 

   1 v1 0p0m

ideal
2 64 log 2 64 log 1 6919 2

sc en sc en sc

0 23

en

1
1

1 1 62 1 77
4 1

K. .. . K.B

C C
. .

e e e
F K F K F K

  

 
 
   
    
           

    

  

(3.17) 

In (3.17), the constant terms are generated from parameters that are not included. For 

example, in the right side denominator, the power of the natural constants 

 102 64 log 1 69v. K .   is determined by the shapes of the sigmoid curves shown in Fig. 
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3.12 and Fig. 3.13. However, the shapes of those sigmoid curves are affected by the 

master inertia 
mM  and the slave inertia 

sM . 

3.3.3 Validations of the C  calculation function from system parameters 

In this section, a psychophysical experiment was conducted to confirm the validation 

of function (3.17), the method is the same as used in Section 2.4, sensations from two 

system parameter settings but with the same C value (the C values were calculated just 

from parameters by function (3.17)) were presented to a subject. After presenting the two 

sensations, the subject was asked to identify in which trial they could more easily sense 

the contact between the slave and the environment. Subjects could answer “the former 

one”, “the later one”, or “Same”. 

If the function between C and the system parameters, which is presented in function 

(3.17), is correct, regardless of how the vK , pK , mB , and 
sc enF K  parameters were 

set, the haptic sensations that they provided to the operator should be the same as long as 

the index C  value calculated by function (3.17) are the same, thus it will be difficult 

for the operator to distinguish the difference of haptic sensation between the pair elements.  

The control model and the experimental apparatus are shown in Fig. 3.14. The 

designated four pairs of parameter setting with the four types of parameters and their 

corresponding index C  values are listed in Table 3.1. 

Ten subjects were enrolled. For each subject, each parameter setting pair was repeated 

10 times. Hence, for every parameter setting pair, 100 answers were obtained. The time 

interval between every repetition was more than 0.5 hours, thus the subject could not 

realize that the parameter setting pair was repeated.  

For each parameter pair, the proportion of the indistinguishable answers after 100 trials 

is shown in Table 3.2, from which it can be observed that the proportion of the 

indistinguishable answers for the parameter setting pairs No.1 to 3 was almost beyond 

80 %, the haptic sensations provided by the parameter settings with the same C  values 

were the same. But for the pairs No.4 and 5, the proportions are less than 40 %. 
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Fig. 3.14 Experimental device and control model.  

Table 3.1. Selected parameter settings in validation experiment 

No. Parameter 

setting of A 

C value of setting 

A 

Parameter 

setting of B 

C value of setting 

B 

1 sc enF K : 0.90 

mB : 0.001 

vK : 0.1 

pK : 0.1 

0.62 sc enF K :1.30 

mB :0.007 

vK : 0.1 

pK : 0.1 

0.62 

2 sc enF K :0.45 

mB :0.001 

vK : 0.01 

pK : 1e-5 

0.34 sc enF K :0.40 

mB :0.001 

vK :0.1 

pK :0.1 

0.34 

3 sc enF K :0.80 

mB :0.001 

vK :1e-5 

pK :0.01 

0.47 sc enF K :1.10 

mB :0.001 

vK :1e-5 

pK :0.01 

0.47 

4 sc enF K :0.2 

mB :0.001 

vK :0.1 

pK :0.1 

0.21 sc enF K :0.5 

mB :0.004 

vK :1e-5 

pK :1e-5 

0.22 

5 sc enF K :0.4 

mB :0.002 

vK :1e-5 

pK :1e-5 

0.18 sc enF K :1.5 

mB :0.008 

vK :1e-5 

pK :1e-5 

0.16 

Fscale

Arm

Slave：
Virtual 

Sphere
Object：
Virtual Wall

Slave Environment

Master:

Phantom Desktop

Limb & Master
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Table 3.2 
In complicate architecture, proportion of indistinguishable answers under the Same C  value, 

sample size of every pair is 100. 

Parameter pair No. 
Proportion of indistinguishable 

answers 

A
1
, B

1
 85 % 

A
2
, B

2
 81 % 

A
3
, B

3
 82 % 

A
4
, B

4
 42 % 

A
5
, B

5
 27 % 

3.4 Discussion of this chapter 

3.4.1 The results in the experiment in Section 3.3.3. 

In the above experiment, the high proportions of indistinguishable answer means the 

relationship between the system parameters and C  value expressed by function (3.17) 

is valid. 

However, for the parameter setting pair No. 5, the proportion of indistinguishable 

answers are extremely low (27 %) with a same C  value.  

The parameter settings in Table 3.1 can be classified into three types, high pK and vK

gains (A1, B1, B2, A4), medium pK and vK gains (A2, A3 and B3) and low pK and vK  

gains (B4, A5 and B5). The parameter setting pairs No. 4 and 5 are with low pK and vK  

gains. The velocity profiles of the master device for A5 and B5 are plotted in Fig. 3.15, 

from which it can be observed that the largest velocity change for A5 appears at about 30 

ms after contact; while the largest velocity change for B5 appears at about 15 ms, and 

then, the master velocity restores back. This is because low pK and vK  gains cannot keep 

the slave sphere contacting the virtual wall continuously. The slave sphere rebounds back 

after a short contact with the environment. The force fed back to the master device 

disappears when the slave device is not in contact with the environment, while the 

operator’s input force is the only input to the master device and is the same as that before 

contact. So the master device velocity increases again.    
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As introduced in Section 2.2, the temporal resolution of human’s haptic receptor is 20 

ms–30 ms, and the objective of using the average velocity over 50 ms after contact is not 

to measure the mean velocity all over 50ms but to estimate the velocity at about 20 ms–

30 ms after contact (
aV  in function (2.1)), then obtaining the velocity change magnitude 

(
b aV V  in function (2.1)) at the moment of 20 ms–30 ms after contact. This objective 

can be realized when the master velocity profile after contact decreases continuously, just 

like what appears in Fig. 2.1. 

However, when the master velocity profiles approximates the curves in Fig. 3.15, the 

calculated average velocity over the 50ms cannot represent the true master velocity at the 

moment of 20 ms–30 ms after contact, resulting that the C value calculated from it 

deviates from the real haptic sensation largely.  

Therefore, although the calculated C value for parameter settings A5 and B5 are the 

same, the true sensation perceived by the subject is different, leading to a remarkably low 

proportion of the cases that subject cannot tell a difference.  

The reason for the low proportion of indistinguishable answers for the parameter 

setting pair No.4 is the same. The velocity profiles of the master device for parameter 

setting A4 and B4 are plotted in Fig. 3.16. For the parameter setting B4 (the red curve), 

the average velocity over 50 ms deviates from the real velocity at the moment of 20 ms–

30 ms after contact, and the C  value of B4 cannot represent the true haptic sensation, 

while for the parameter setting A4 (the blue curve), the average velocity over 50 ms 

almost equal the real velocity at the moment of 20 ms–30 ms after contact, and the C  

value of A4 can represent a true sensation.  

Undoubtedly, under the same C  value of A4 and B4, a true sensation is different from 

a fake one, resulting a low proportion of the cases that subject cannot tell a difference. 

However, the total deviation between the average velocity over 50 ms and the true 

velocity at 20 ms–30 ms for parameter setting A4 and B4 (Fig. 3.16) is less than that for 

parameter setting A5 and B5 (Fig. 3.15), thus the proportion was 42 %, not that low as A5 

and B5.  
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However, in applications of a master-slave system, the velocity profile as parameter 

settings B4, A5 and B5 is generated from the cases where the motion of slave device after 

is totally undesirable, which is an unexpected system response. Therefore, the cases that 

the C  value cannot represent the true haptic sensation do not often appear in real 

applications.   

 

Fig. 3.15 Master velocity profiles for parameter settings A5 and B5 in the 

experiment of Section 3.3.3  
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Fig. 3.16 Master velocity profiles for parameter settings A4 and B4 in the 

experiment of Section 3.3.3  

3.4.2 Relationship between parameter values and solution of motion equations 

For the ideal control model, the motion equation expressed by (3.2) is a second-order 

differential equation, for which the solution of its characteristic equation may have 

complex roots and may lead to an oscillation in the solution of (3.2) (the master velocity 

mr ).  

The characteristic equation of the differential equation (3.2) is expressed as follows: 

     2

h m h sc sc en hms s 0M M B F P KB K          (3.18) 

where s  is the Laplace operator. According to control theory, the appearance of 

oscillation is determined by the sign of the following expression: 

    
2

h h m sc sc em n h4B M M F P K KB         (3.19) 

The parameters of the human limb, namely, 
hM , 

hK , and 
hB , are considered to be 

fixed values, as mentioned before (
hK  = 0.5 N/mm, 

hB  = 0.002 Ns/mm, 

4

h 2.0 10M 3kg 10  ). When the master device controller is perfectly designed 
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(device inertia is completely eliminated: 
mM = 0) and the master damping mB = 0.01 

Ns/mm, which gives the operator a very large operational resistance when moving the 

master device, the sign of (3.19) is positive only if the feedback stiffness 
sc sc enF P K   is 

less than 0.10 N/mm. The results obtained by our pilot study reveal that the operator will 

not perceive a haptic sensation when the feedback stiffness is less than 0.07 N/mm. 

Therefore, the condition of the feedback stiffness 
sc sc enF P K    being less than 0.10 

N/mm was not considered in particular because it cannot provide an effective haptic 

sensation to the operator. Moreover, the master damping mB  is not expected to have a 

value larger than 0.01 Ns/mm, and the device inertia cannot be completely eliminated. 

Hence, in most cases, the master velocity mr  after contact will include oscillations. 

However, the oscillation does not affect the operation considerably. First, the 

oscillation will not increase because the signs of all the characteristic equation 

coefficients are positive, and the damping of the master device and human limb can 

attenuate the oscillation. Second, the human’s active muscle reaction can naturally 

restrain the oscillation. The time span a human can input an active muscle reaction after 

the contact occurrence is approximately 50 ms. The period T of the oscillation is 

determined by h m

sc sc en h

2
M M

F P K K



  
. With normal parameter settings, T is larger 

than 50 ms. This means that the master device cannot even complete one period of 

oscillation before it is restrained by the operator’s active muscle reaction.  

Using the parameter setting presented in this paper, the feedback stiffness 
sc sc enF P K   

should be more than 3.8 N/mm to make the oscillation period T less than 50 ms. However, 

such a high feedback stiffness will make the operator feel uncomfortable without high 

master damping, whereas the oscillation of the master device will be attenuated quickly 

if the device damping is high. Therefore, for the most part, the operators will not mind 

the oscillation.  

For the real control model described by the simultaneous differential equations (3.9) 

and (3.10), by formulating the characteristic equation for the master velocity mr  as 

   2 2

1 2s s s + 2   , will be an extremely sophisticated combination of 



 

Chapter 3 The relationship between the index value and the system parameters 

 

 

80 

 

parameters, and it will thus become difficult to provide a specific parameter range such 

that  > 1. Therefore, only a qualitative discussion regarding the oscillation is presented 

in this paper. 

The difference of the real control model compared to the ideal control model is the pK

and vK  parameters. If the pK  and vK  parameters are high, the motion of the system 

with the real control model approximates the motion performed with the ideal control 

model, wherein the oscillation does not have a considerable effect under normal operating 

conditions. If the pK  and vK  parameters are not high, they will affect the master 

device motion as a dashpot reducing the oscillation. Therefore, it is unnecessary to 

consider the oscillation in particular.   

3.4.3 Influence of device intertie on haptic sensation 

When the pK  and vK  parameters were low, the slave device stopped very shortly 

after the contact, and only a low interaction force of the contact was fed back to the master 

device. However, in this study, this situation only occurred when the inertia terms in the 

master and slave device controllers were low as 55 10
3kg 10 . In cases of large slave 

inertia, the abovementioned situation will change dramatically. If the inertia in the slave 

device controller is large, reducing the pK  and vK  gains will not reduce the interaction 

force but will instead generate a larger one.  

This is attributed to the fact that a slave device with large inertia invades deep into the 

environment after making contact, which results in a large interaction force. Although 

feedback force information can decelerate the master device and amplifies the error 

between the motions of the master and slave, because the pK  and vK  gains are low, 

the left side of (3.10) is not sufficiently large to stop the slave device. Therefore, the 

invasion depth and interaction force will keep increasing.  

The qualitative affection of the inertia parameter is a matter to be investigated in future 

work.  
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3.5 Summarization of this chapter 

In this chapter, the relationship between the index C value proposed in Chapter 2 and 

the system parameters is clarified and written as functions that can calculate the C  

value directly from the parameters. 

For the ideal position-force bilateral control model, the functions to calculate the index 

C value from the parameters were derived by solving the system’s equations of motion. 

For the real position-force bilateral control model, the function that calculates the index 

value from the parameters were fitted based on simulation results. The results of the 

confirmation experiment revealed that the function can validly relating the operator’s 

haptic sensations to the system parameters, which means that it can be used for parameter 

adjustment with consideration to haptic sensation. 
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Chapter 4 Application cases of system parameter 

Applications as a guideline for system parameter 

design 

The results presented in the previous two chapters can be used as a guideline for the 

system design in a master-slave system with consideration to the haptic sensations. This 

chapter introduces some examples of system parameter design. 

As introduced in Section 1.4, the system designer often expects to know the maximum 

value a parameter can be set to keep the operator’s haptic sensation unchanged or the 

minimum value to set to alter haptic sensations; or the value to which a parameter should 

be to restore the haptic sensation when the operator’s haptic sensation decreases 

inevitably after adjusting parameters for the task requirement. The expectations of the 

system designer can be satisfied by the mathematical function calculating the quantified 

haptic sensation directly from the system parameters.  

4.1 Assuring maximum and minimum values a parameter can be set 

4.1.1 Assuring the maximum parameter setting to keep a haptic sensation 

The master damping parameter mB  is often used to stabilize the system or mitigate 

the operator’s hand vibration. But an overly large mB  will obscure the operator’s haptic 

sensation, and result in a difficulty for the operator to detect a contact occurrence between 

the slave device and the environment. Thus the system parameter designer should know 

the maximum value the mB   parameter can be set while holding the current haptic 

sensation. 

Here is an example: the bilateral control model in Fig. 3.8 is used, with the following 

current parameter setting: master damping mB  = 0.001 Ns/mm; environment stiffness 

enK = 1.2 N/mm; virtual stiffness pK = 0.1 N/mm; virtual damping vK = 0.1 Ns/mm; 
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force feedback scaling scF = 1.  

Now the system designer intends to increase the master damping mB  to mitigate the 

hand vibration, but the operator does not want his/her haptic sensation to decrease. The 

process of calculating the highest reasonable mB  value is as follows: 

  First, the designer calculates the index C   value to estimate the operator’s haptic 

sensation with the current system parameter setting, by substituting the values of current 

system parameters into function (3.17), the current C  value is 0.716, which is labeled 

as 1C  for convenience. 

  Second, the designer calculates the necessary change rate ( cR ) to 1C  to make a new 

haptic sensation felt by the operator be noticeably different from the current one. By 

substituting 1C   as the refC   term into function (2.4), the 
cR   is calculated as 1.198, 

which means the operator cannot feel a noticeable difference until the C  value for a 

new haptic sensation is within [
c1C / R ,

c1C R ]. Since increasing mB  parameter reduces 

the C   value, 1C  /1.198 = 0.597 is the lowest C   with which the haptic sensation 

decrease cannot be noticed different by the operator. For convenience, the index value 

0.597 is labeled as 2C . 

  Third, the designer calculates the mB  value that can produce 2C , substituting 2C  

into the left side of function (3.17), and the fixed parameters enK = 1.2 N/mm, pK = 0.1 

N/mm, vK = 0.1 Ns/mm, scF = 1 into the right side of function (3.17), the corresponding 

mB   that produces 2C   is back-calculated as 0.0056. A higher mB   will make 2C  be 

less than 0.597, hence, 0.0056 is the maximum mB  value that the system designer can 

set if the operator does not want the contact detecting to become difficult.  

  The above process is an example of finding the highest parameter value with 

consideration to the operator’s haptic sensation. Next, an experiment is implemented to 

check whether the maximum mB  value is correct or not. The experimental apparatus was 

the same as shown in Fig. 3.14. The experimental method is that used in Sections 2.4 and 

3.3, two haptic sensations (labeled as A and B respectively) from the original parameter 

and the new parameter settings are presented to the subject in a pair, and check the extent 
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to which the subjects can distinguish the difference between the two sensations. 

Table 4.1. Parameter settings and experimental results 

Parameter setting A 

C value 

of setting 

A 

Parameter setting B 

C value of 

setting B 

Proportion of 

indistinguishable 

answers 

 

sc enF K : 1.2 

mB : 0.001 

 

0.716 

sc enF K :1.2 

mB :0.0064 

0.567 19 % 

sc enF K :1.2 

mB :0.0048 

0.619 65 % 

10 subjects were enrolled, for every subject, the presentation of haptic sensations pair 

A and B were repeated 10 times. At each presentation, the subject was asked whether they 

noticed a difference between A and B trials, thus 100 answers can be obtained. 

According to the psychophysics theory and the analysis in Section 2.4, if two index 

values differ just by 
cR   (

cR  =1.198 in this experiment), the proportion of 

indistinguishable answers out of the 100 answers is about 45 %. If the calculated 

maximum mB  limit (0.0056 Ns/mm) is correct, when the designer set the mB  value just 

above the calculated maximum limit, the proportion of indistinguishable will decrease to 

a level far more than 45 %, when the designer set the mB  value just below the maximum 

limit, the proportion of indistinguishable will decrease to a level far less than 45 %. 

The parameter settings of A and B trials are listed in columns 2 and 4 of Table 4.1. In 

row 1 of Table 4.1, the mB   value in parameter setting A is 0.0064, just above the 

maximum limit; in row 2, the mB  value in parameter setting B is 0.0048, just below the 

maximum limit. 

The experimental results are listed in column 6, it can be observed that the proportion 

of indistinguishable answer when mB  above the calculated maximum limit is far more 

than 45 %; the proportion when mB  below the calculated maximum limit is far less than 

45 %. The calculated 0.0056 Ns/mm is the highest mB  value the operator can increase 
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while keeping the current haptic sensation. 

4.1.2 Assuring the minimum parameter setting to change a haptic sensation 

The force feedback scaling scF  is often used to strengthen the haptic sensation. 

However, human’s haptic sensation is not continuous, an insufficient scF  cannot let the 

operator to detect the contact easier. Thus the system parameter designer should know at 

least how much scF  parameter should be set. 

Here is an example: the bilateral control model in Fig. 3.8 is used, with the following 

current parameter setting: master damping mB  = 0.001 Ns/mm; environment stiffness 

enK = 0.1 N/mm; virtual stiffness pK = 0.1 N/mm; virtual damping vK = 0.1 Ns/mm; 

force feedback scaling scF = 1. 

Now system designer intends to increase the force feedback scaling scF  to strengthen 

the haptic sensation, the process of calculating the minimum necessary scF   value is 

similar as that in Section 4.1.1. 

First, the designer calculates the index C   value to estimate the operator’s haptic 

sensation magnitude with the current system parameter setting. By substituting the values 

of current system parameters into function (3.17), the current C  value is 0.131, which 

is labeled as 1C  for convenience. 

  Second, by substituting 1C  as the refC  term into function (2.4), the 
cR  is calculated 

as 1.444, which means the operator cannot feel a noticeable stronger sensation until the 

C  value for the new haptic sensation reaches 1C .  

Third, substituting 2C  into the left side of function (3.17), and the fixed parameters: 

enK = 0.1 N/mm, pK = 0.1 N/mm, vK = 0.1 Ns/mm, and mB = 0.001 into the right side, 

the corresponding scF  that produces 2C  can be back-calculated as 1.55.  

After obtaining the necessary lowest scF  parameter value to set to strengthen the 

haptic sensation, an experiment is implemented to check whether the result is correct or 

not.  
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Table 4.2. Parameter settings and experimental results 

Parameter setting A 

C value 

of setting 

A 

Parameter setting B 

C value of 

setting B 

Proportion of 

indistinguishable 

answers 

 

enK : 0.1 

scF : 1.0 

 

0.131 

enK :0.1 

scF : 1.62 

0.201 20 % 

enK :0.1 

scF : 1.47 

0.175 62 % 

The subject and the experimental method were the same as used in Section 4.1.1, for 

the same reference parameter setting A, two comparison parameter settings (all labeled 

as B) are designed. In one comparison parameter setting, the designer set the scF  value 

just above the necessary minimum value; in another the designer set the scF  value just 

below the necessary minimum value. 

The parameter settings and the experimental results are listed in Table 4.2. It can be 

observed that the proportion when scF  being just above the necessary minimum value 

was far less than 45 %, and the operator can easily tell that the sensation of parameter 

setting B is stronger; the proportion of indistinguishable answer when scF   being just 

below the necessary minimum value is far more than 45 %, and the operator cannot feel 

that the sensation of parameter setting B is stronger. 1.55 is confirmed as the lowest 

necessary scF  value if the designer wants to give the operator a stronger haptic sensation. 

4.2  Reasonable parameter design with consideration to both task 

requirement and haptic sensation 

Except for assuring the limit value a parameter can be set, the results in Chapters 2 and 

3 can also be used to design the system parameters reasonably with consideration to the 

operator’s haptic sensation while meeting the requirement from the task. 

Here is an example: the bilateral control model in Fig. 3.8 is used, with the following 
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original parameter setting: environment stiffness enK = 0.4 N/mm; master damping mB  

= 0.001 Ns/mm; virtual stiffness 
pK  = 0.1 N/mm; virtual damping vK  = 0.1 Ns/mm; 

force feedback scaling scF   = 1. The index C   with the current parameter setting is 

calculated as 0.388 by substituting the parameter values into function (3.17). For 

convenience, the original index value is labeled as 1C . 

  As to the task requirement, the environment is vulnerable, a large impulse or interaction 

force applied from the slave device is not expected. Reducing the 
pK  and vK  

parameters can reduce the impulse on the environment, so the designer reduces this two 

parameters to pK  = 1e-5 N/mm and vK  = 5e-3 Ns/mm to meet the task requirement. 

(This study does not focus on how to adjust parameters for task requirements, herein, the 

process of designing the desirable pK  and vK  parameters is omitted).  

The interaction force profiles for the original and the new pK  and vK settings, with 

two contact (operation) velocity levels are plotted in Fig. 4.1 and 4.2. It can be observed 

that the peak interaction force and impulse to the environment (within 100ms) after 

reducing pK  and vK  parameters all decreases by 70 %. Moreover, if a peak interaction 

force more than 1.2 N is not expected, the operator has to cautiously constrain his/her 

operation velocity under about 100 mm/s with the original parameter setting; whereas the 

operator can freely range his/her operational velocity until more than 250 mm/s with the 

new parameter setting. The task requirement is satisfied. 

  However, it is natural to consider that reducing pK  and vK parameters weakens the 

operator’s haptic sensation, the designer must consider the change in haptic sensation. 

Substituting the parameter setting enK = 0.4 N/mm; mB  = 0.001 Ns/mm; pK  = 1e-5 

N/mm and vK  = 5e-3 Ns/mm and scF  = 1.0 into function (3.17), the index C   value 

after reducing pK  and vK  is 0.252. The change rate to the original C  value (
1C = 

0.388) is 1.52, which is above the corresponding 
cR   to 1C  that makes the haptic 

sensation different, the operator’s haptic sensation is indeed weakened. 
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Fig. 4.1 The interaction force profiles for the original and the new pK  

and vK  settings, with contact (operation) velocity level: 125 mm/s.  

 

 

Fig. 4.2 The interaction force profiles for the original and the new pK  

and vK  settings, with contact (operation) velocity level: 250 mm/s.  
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  Assuming that the operator does not expect the contact detection to become difficult, 

the designer has to adjust other parameters to restore the haptic sensation, making the 

index value rise back to 1C  (0.388). One method is increasing the force feedback scaling 

scF . 

  By substituting C   = 0.388 into the left side of function (3.17), and the fixed 

parameters: enK = 0.4 N/mm; mB  = 0.001 Ns/mm; 
pK  = 1e-5 N/mm and vK  = 5e-3 

Ns/mm into the right side, the corresponding scF   that produces 2C   can be back-

calculated as 3.0. 

An experiment is implemented to check whether the result is correct or not. The 

original and the new parameter settings are listed in Columns 1 and 3 of Table 4.3, their 

corresponding C   values are in Columns 2 and 4. It can be observed that their C  

values are the same. The subject and the experimental method were the same as used in 

this Chapter, the proportion of difference indistinguishable answers is measured by 

presenting the haptic sensations with the original and the new parameter settings to 10 

subjects.  

The experimental result is shown in Column 5 of Table 4.3, the proportion of the 

indistinguishable answer was high, meaning that the subjects cannot tell a difference 

between the haptic sensations with the original and the new parameter setting. The 

requirement for the operator’s haptic sensation is also satisfied.    

Table 4.3. Selected parameter settings in validation experiment 

Original parameter 

setting 

C value of 

original parameter 

setting 

Parameter 

setting after 

adjustment 

C value of new 

parameter setting 

Proportion of 

indistinguishable 

answers 

enK : 0.4 

mB : 0.001 

vK : 0.1 

pK : 0.1 

scF : 1.0 

0.388 enK :0.4 

mB :0.001 

vK : 1e-5 

pK : 5e-3 

scF : 3.0 

0.388 78% 
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4.3 Conclusion of this chapter 

In this chapter, three application cases of parameter design are introduced. Using the 

results obtained in this study, the system designer can not only assure the reasonable value 

range within which a parameter should be set; but also determine the specific value that 

the parameters should be set to satisfy the both the requirements for the task and 

operator’s haptic sensation. 

The experiment results in this chapter shows that, instead of relying on the trial and 

error method, the parameter design result based on the results of this study is simple but 

still reliable. The results presented in this study can be used as a guideline for the system 

design in a master-slave system with consideration to the haptic sensations.  
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Chapter 5 Conclusions and future works 

Conclusions and future works 

5.1 Conclusions of this study 

When using the impedance-adjusting bilateral control to provide a force-feedback 

function to a master-slave system, the system parameters are often adjusted for the 

requirements of different tasks. 

Except for the task requirements, the human factors should also be considered when 

adjusting system parameters. The operator’s haptic sensation, which means “how easily 

an operator can sense the contact between the slave device and the environment”, is an 

important human factor. However, it is often weakened after an impropriate system 

parameters adjustment. 

Therefore, a system parameters design requires the consideration to both the task 

requirements and the haptic sensation. However, the existed related works cannot provide 

such a method. Thus the system parameters design considering both the two factors are 

conducted by an unfounded method: the trial and error adjustment. 

To address this problem, the objective of this study is to build a method of system 

parameters design considering both the operator’s haptic sensation and the task 

requirements. Specifically, the main task of this study is to quantify the relationship 

between the system parameters and the operator’s haptic sensation. In this study, the task 

is accomplished by the following two steps: 1. proposing an index to quantify the haptic 

sensation; 2. finding relationship between the index and the system parameters. 

Chapter 2 summarizes the first step: proposing an index to quantify the haptic sensation. 

Based on the analysis on operator’s sensing mechanism, an index being hypothesized to 

quantify the operator’s haptic sensation is defined, and its value is calculated from the 

change
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magnitude of the master device velocity over 20–30 ms before and after contact. The 

name of the index is “Dynamic Contrast ( C )”. The experimental results show that the 

proposed index value is stable to different master velocity before contact; and valid to 

quantify the operator’s haptic sensation.  

  Chapter 3 summarizes the second step: finding the relationship between the haptic 

sensation index and the system parameters and formulate it as a mathematical function 

for the ideal and the real application models of bilateral control. The relationship was 

successfully formulated as a function that calculates the index C   just from system 

parameters without any additional information needed. 

  Chapter 4 includes three system parameters design cases. These example cases show 

that, using the results of the previous two chapters, a system designer not only can 

determine the necessary value for a parameter to realize his/her expectation on the 

operator’s haptic sensation; but also can realize a reasonable parameter adjustment with 

consideration to both the task requirement and the operator’s haptic sensation. 

In a word, this work can be used as a guideline for system parameter design with 

consideration to the operator’s haptic sensation. Instead of using trial and error method, 

system parameter design becomes simple and founded. 

5.2 Future works 

Admittedly, there are still some works and topic to study in future. For example, this 

study focused on four types of parameters at most, some other parameters such as the 

device inertia, the time delay between devices etc. should also be involved in the function 

that calculates the C  value. 

Second, this study focused only on the position-force bilateral control architecture, and 

as introduced in Section 3.1, the position-position and any other bilateral control 

architectures [49] should also be focused. 

Third, the parameters in this study is kept constant after adjustment for one type of task, 

but the environment and task requirements will vary even within the time span of one 

task. It is impossible to frequently adjust the parameters by the system designer. System 

parameter design is expected to be done automatically. In recent years, the adaptive 
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control method and AI technologies are used to cognize the task situation and moving 

environment to produce the optimized parameters value [91] – [96]. 

Forth, other haptic modalities, such as the vibrotactile sensation [97] and texture 

cognition, are important in operation and also affected by the system parameters. 

Considering other haptic modalities is necessary. 

Finally, this parameter design guideline should be applied to a real master-slave system, 

where some nonlinear factors such as the gear friction will appear, and these factors 

should also be considered.      
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Appendix 

For the ideal position-force bilateral control model, the master velocity after contact 

can be estimated directly by function (3.5). Its derivation process is as follows. 

Within 50 ms after the slave device contacts the environment, motion equation of the 

master device can be expressed as follows. 

   h h
h h m h m m h m m m sc en sc m en

m m

F F
F K t r B r M M r B r F K P r r

B B

   
               

   
 (A.1) 

  By applying Laplace transform to function (A.1), it is presented as:  

    

          
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m h m m0 0 m m m0 sc en sc m en

1 1
s s s

s ss

s s s s s s s

F F F
K R B R r

B B

M M R r V B R r F K P R r

   
          

   

             

(A.2) 

Where  m sR  is the Laplace transformed form of the master’s position ( mr ). m0r  

is the master position when the contact occurred, which equals enr , for simplicity, both 

m0r   and enr   are set to zero. 0V   is the master device velocity just before the time 

point of contact, which is expressed a constant as h

m

F

B
 according to function (3.3).  

Therefore,  m sR  can be expressed as the following formation.  

 
 

 

h m h m h2

m 2
m h m h sc en sc h

1 1 1

s ss
s

s s s +

h h h h

m m m m

F F F F
K B B M M

B B B B
R

M M B B F K P K

     


       

    (A.3) 

Then, by applying the inverse Laplace transform to function (A.3), the master velocity 

after the contact can be expressed as follows
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 
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(A.4) 

Where,
hm m hM M M , 

hm m hB B B , 
hen h sc sc enK K F P K , and

 hm sc sc en h hmA 42B F P K K M   .
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